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1. INTRODUCTION 
1.1 Statement of Problem 
A vehicle entering a planetary atmosphere will be subject to severe 
aerothermodynamic conditions similar to those encountered during re-entry 
into the Earth 's  atmosphere. 
entry during the past  decade so that  much of the background knowledge 
A great deal has been learned about Earth re- 
required for the investigation of the near-planet entry problem now exists. 
However, certain characterist ics of planetary entry a r e  new. The general 
purpose of this study was to explore these characteristics. 
The current interest  is in the flight into the atmosphere of the near 
planets, Mars and Venus, by a zero l i f t  ballistic vehicle experiencing a 
relatively "soft" entry trajectory; that is, the vehicle wil l  decelerate to sub- 
sonic velocities a t  fairly high altitudes and t raverse  a large portion of the 
atmosphere at  terminal velocities (with or  without the aid of additional 
retardation systems). 
of atmospheric-property experiments - with transmission of data directly to 
the Earth o r  relayed to the Earth through a parent vehicle in the planet's near 
space- and for soft landings to allow the conduction of surface experiments. 
The pr imary  concern, however, is not with the terminal function of such a 
vehicle but rather with the ear ly  entry phase in which the surface heat transfer 
establishes perhaps the most important design requirement - the weight of the 
heat-protection system. 
a large percentage of the mass  of the vehicle - is overdesigned, unnecessary 
Such a flight path would be attractive for the conduction 
For  example, i f  the heat-protection system - probably 
1 
and perhaps impractical restrictions will  be placed on the size of the payload. 
Within the context of a soft entry, which suggests a high drag o r  blunt-vehicle 
shape, the study of a blunt-body stagnation region is reasonable, although 
future studies should investigate flows away from the stagnation region as 
wel l  as three-dimensional flows. 
Two interesting characteristics of flight into the atmospheres of the 
near planets from the point of view of surface heat transfer a r e  the initial 
entry velocity and the composition of the atmosphere. The escape velocities 
for Mars  and Venus a re  approximately 16,400 ft /sec and 34,200 ft /sec 
respectively. A vehicle approaching directly from space (no planetary 
orbit phase) will enter the atmosphere at least  at  its escape velocity; however, 
for various mission considerations - time of flight, relative position of the 
planets at entry, signal transmission capability, etc. - i t  will probably be 
desirable to enter the Martian atmosphere in the 20,000 to 25,000 ft /sec 
range and the Cytherean atmosphere in the 35,000 to 45,000 f t / sec  range. 
In te rms  of our Earth reference, this is well into the superorbital or  
hypervelocity regime (the Earth orbital velocity being about 26,000 ft /sec),  
a field in which aerothermodynamic research studies have been initiated only 
several  years ago. A key aspect of this flight regime is the generally in- 
creased importance of radiative heat transfer to the surface from the hot gas 
in the shock layer surrounding the body,as compared to its importance in 
suborbital flight and a possible coupling between radiation and the flow field. 
Perhaps the clearest  distinction between flight in the atmosphere of the Earth 
2 
and flight in the atmospheres of M a r s  and Venus is the uncertainty of the 
composition of the near-planets' atmospheres. 
could lead to a large uncertainty in the surface heat transfer, particularly that 
due to radiation. In this study it was assumed that the atmospheres of interest  
a r e  composed largely of a mixture of molecular nitrogen and carbon dioxide. 
However, the presence of argon in the atmosphere was also considered. 
It might be expected that this 
Figure 1.1 is an illustration of the problems studied. The stagnation 
s 
t 
3 
region heat transfer is composed of thermal energy convection across the 
boundary layer ,and radiative energy transfer from the high temperature gas 
in the shock layer. 
Convective heat transfer being principally a boundary layer effect is 
influenced strongly by the transport properties of the constituent gases present 
there. 
in the boundary layer will be substantially different from that in a i r  at the 
same flight conditions. Consequently it is necessary to establish experi- 
mentally what effect gas  composition has on the convective heat transfer.  
At high speeds in the atmospheres composed of CO and N2 the fluid 2 
The radiance of high temperature gases is a complex phenomenon and ! 
-4 
although the basic fundamentals have been studied in some depth, the predictions 
still depend on certain final approximate assumptions. 
the radiative energy transfer from the flow in the vicinity of the forward 
stagnation region must include the equilibrium radiation originating in the 
gas  which after passing through the bow shock wave has relaxed to its thermo- 
chemical equilibrium state, and the non-equilibrium radiation emitted by the 
The consideration of 
3 
f 
i 
shock front in which the imparted kinetic energy has not yet been distributed 
among the available degrees of freedom, 
reach a high translational temperature and a high degree of electronic 
Initially the gas molecules will 
excitation resulting in a strong radiative emission as illustrated in Fig. 1 . 1 .  
As the molecules undergo collisions the remaining inner degrees of freedom 
will be excited and dissociation and ionization will follow. 
finally reach its state of thermochemical equilibrium and the emission will 
decay to i ts  equilibrium level. 
pronounced at  low densities where it may exceed by many times the equilibrium 
The gas will 
Such a non-equilibrium radiation is more 
level. With many of the excitation and reaction rates  known at  best only 
approximately,it is quite c lear  that the prediction of the non-equilibrium 
radiation is even less  amenable to theoretical treatment than the equilibrium 
radiation. In both cases experimental investigations a r e  necessary to deter-  
mine the radiative properties of the gas a t  temperature levels encountered 
in the shock layer,from which the magnitude of the radiative heat transfer to 
the surface of the vehicle can be computed. 
1 . 2  Scope of Investigations 
The present study was restricted to the investigations of radiative and 
convective heat transfer using exclusively an electrically driven shock tube 
to generate the desired aerothermodynamic conditions. The problem of how the 
heat protection system responds to entry environment was not considered here. 
The measurements of convective heat transfer to the stagnation point 
of a blunt model were conducted in two gas mixtures: 
4 
(B) 9% CO2 -91% N2 
(C) 2570 C02-75% N2 
representing postulated atmospheres of Mars and Venus. 
these measurements are compared with appropriate theoretical predictions. 
In addition the possible effect of materials from which the heat transfer sen- 
so r s  were made w a s  also investigated. 
The results of 
The study of radiative heat transfer included measurements of both 
the equilibrium and non-equilibrium radiation and involved, in addition to the 
above listed gas mixtures, atmospheres composed of 
(D) 60% C02 -4070 N2 
(E) 9% C02 -6170 N2 -3070 A 
(F) 6070 CO2 -10% N2 -3070 A 
with a strong emphasis on the effects of large mole-fractions of argon a t  
conditions corresponding to entry velocities into Martian atmosphere. 
The non-equilibrium radiation from the incident shock wave was 
measured only in B, C and D model atmospheres using a multichannel spectro- 
photometer. 
The equilibrium radiation was studied behind the incident shock wave 
and at the stagnation point of blunt models. 
developed to measure spectrally integrated emission within the wavelength 
transmission limits of associated optics. 
ments was 
A total radiation cavity gage was 
Since the main par t  of the measure- 
made with quartz and sapphire windows, the results include 
5 
radiation in the UV. 
ployed in the investigation of the vacuum UV contribution to the total radiation 
by the CO (4t) bands system, which is predicted to be a strong radiator in 
high C 0 2  -content atmospheres, These measurements w e r e  carried out in 
the D atmosphere only. 
and therefore the self-absorption by the shock layer has a strong effect on 
the net readiative transfer to the surface of the entry vehicle. 
tion of these effects led to the use of splitter plates a s  means of varying the 
thickness of the emitting gas  layer. 
A windowless configuration of the cavity gage w a s  em-  
In many practical cases  the optical density is high 
The investiga- 
The flight velocity simulation extended up to 45,000 f t /sec which 
encloses the envelope of possible entry velocities presently contemplated. 
This is shown in Fig.  1.2 which also illustrates the magnitude of the entry 
problem for the assumed model atmosphere, vehicle trajectories and radi-  
ative properties given in Ref. 1. 
t 
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2. EXFERIMENTAL FACILITY AND PERFORMANCE 
2.1 Hypervelocity Shock Tube 
The simulation of the orbital and superorbital enthalpies and p res s -  
u re s  is accomplished in the a r c  heated shock tube illustrated in Fig. 2.1. 
The ability of this shock tube to produce strong shock waves a t  relatively 
high initial p ressures  is obtained from the high temperature, high pressure,  
low molecular-weight (helium) driver gas generated by a rapid discharge of 
electrical  energy stored in a capacitor bank (2) (3). 
diameter and 4.5 f t .  long. 
performed, the volume of the driver was reduced from the nominal dimensions 
The driver is 3 in. in 
For  most of the experiments which have been 
by insertion of plastic spacers.  
provides the energy for the driver gas heating. 
stainless steel. 
A 304,000 (max) joule capacitor bank 
The driven tube is made of 
Its internal diameter is 6 in. and i ts  overall length i s  
31.5 f t .  
i s  located 2 ft. upstream from the end flange. 
f t / sec  w a s  obtained with 1 mm Hg driven tube initial pressure using an 
18 in. long driver and full  energy in the capacitors. 
The model stagnation point used for convective and radiative studies 
Shock velocity up to 32,000 
With a lower initial 
p ressure  and the same driver size, shock velocities up to 36,000 f t /sec 
were reached. By reducing the driver volume to approximately 17.5 in , 
a shock velocity of 43, 500 ft/sec-equivalent to 59, 000 f t / sec  flight velocity- 
has been demonstrated. 
3 
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Figure 2.2 shows the driven tube including instrumentation and 
associated equipment. 
mentation which was used in the present program is shown in Figure 2.3 .  
A schematic diagram showing the shock tube instru- 
Also included in this diagram is the instrumentation necessary for the 
evaluation of the shock tube performance and for the determination of the 
quality of the test  gas flow. 
2.2 Shock Tube Performance 
The ful l  description of the auxilliary instrumentation and details of 
the shock tube operation can be found in Ref. 4. Thus, only most important 
features will briefly be described here. 
During all tests,  the performance of the driver was monitored by 
measuring the discharge current and electrode voltage since often unusual 
discharge characterist ics can explain abnormal incident shock wave be- 
havior. 
The shock velocity is obtained by monitoring accurately the relative 
time of arr ival  of the shock at  various stations along the tube for which a 
ras te r  type of oscilloscope display was used. 
obtained by differentiating and adding the output of photomultipliers located 
at various stations along the tube sidewall. 
mounted in holders which attach to the tube and which contain a pair of 
collimating slits to res t r ic t  the viewing angle of the photomultipliers, thus 
assuring a fast leading edge in the output pulse. 
Time-of-arrival signals a r e  
The photomultipliers a r e  
The arr ival  of the shock 
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front at each station can be read with an accuracy of about t 0. 5p  s which, 
for  example, a t  shock velocity of 30,000 f t /sec gives an accuracy of better 
than 2%. 
- 
A second method of measuring shock velocity, which has been used 
a s  a backup for  the r a s t e r  display, uses the output of two sidewall piezo- 
electric pressure gages. The gages a r e  located a known distance apart  and 
a re  connected through cathode followers to the two inputs of a Tektronix 
Type C-A preamplifier. 
algebraically, to amplify the signal from the downstream gage by about a 
factor of five more than that of the upstream gage, and to invert  the signal 
from the upstream gage. 
The preamplifier is se t  to add the two signals 
Typical shock speed data obtained from the ras te r  display is shown 
in Figure 2.4. 
is also shown. 
F o r  comparison, data from the pressure gage arrangement 
A good agreement between these two methods is evident. 
Of great concern in the sirnulation of superorbital velocities in a shock 
tube, is the available tes t  time a s  determined by the length of the shock 
processed gas between the incident shock wave and the passage of the inter- 
face region separating the gas initially in the driven tube and the driver gas. 
It was found that the actual test time is much shorter than the predictions 
calculated on the basis of a viscous flow but neglecting the turbulent mixing 
which is caused by the finite opening time of the diaphragm (5). A compilation 
of a large number of data is shown in Figure 2. 5. The results indicated 
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that the available test  time can differ from run to run although the tes t  
conditions a r e  kept the same. 
each run is therefore necessary. 
several  techniques to determine both the tes t  flow duration and i ts  quality. 
A proper recognition of the tes t  time during 
In the present study we depended on 
In the f i r s t  one the emitted light from the shock-heated gas behind 
the incident shock wave i s  observed. 
chromator with each channel covering a fairly narrow band of the spectrum 
a r e  shown in Figure 2.4.  The ar r iva l  of the shock front is associated with 
a sudden appearance of a strong radiation overshoot which decays to an 
equilibrium level within a short time, as  the gas relaxes to the thermo- 
chemical equilibrium and its temperature drops. 
emitted energy corresponding to the test-gas flow follows until the contact 
zone a r r ives ,  a t  which instant the test  time ends. The emission from the 
gas is a very strong function of its temperature. Hence, the steadiness of 
the test-gas emission is a good indication of i ts  quality. It is interesting to 
note that, depending on the wavelength, the end of the test  time is indicated 
either by a r i se  or  a decrease of the emitted radiation. It was also observed 
that under some conditions of shock velocity and pressure ,  there is no sharp 
The t races  from a multichannel mono- 
The uniform level of the 
boundary defining the end of the tes t  time for certain wavelengths. 
implies that, i f  this method is used for defining the tes t  flow duration, more  
than one region of the spectrum should be monitored. 
This 
Using a two channel photometer, the quality and the length of the test 
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time and the length of time necessary to establish steady flow around the 
model is determined by monitoring the emission from the shock layer ahead 
of the stagnation point of the hemispherical model. This method is necessary 
whenever model experiments a r e  performed. 
channel covered a spectral  range from 5000 to 12000 
In the present studies the red 
while the blue 
.o 
channel was sensitive to radiation between 3500 and 4800 A. 
traces of the signals from the two-channel photometers a r e  shown in Figure 
Oscilloscope 
2.7. 
is from the red channel. 
The upper t race corresponds to the blue channel and the lower trace 
The steadiness of shock layer intensity determines 
the quality of the flow in the stagnation point region. 
signal shows an increase in the intensity upon the arr ival  of the mixed gas 
present in the contact zone while the red channel indicates a drop in 
In most cases the blue 
radiation at its response wavelengths. On some occasions, however, as in 
the case of the incident wave observations, one of the channels may show 
no change in the intensity level a t  the end of the test  time, confirming the 
need for more than one wavelength channel to properly identify the test 
time. 
An image converter camera was  a lso used to assess  the quality of 
the flow by showing the shape of the incident shock wave and the symmetry 
of the flow field around the model. This is illustrated in Figure 2.8 where 
a photograph obtained with a 0 . 0 5 0 ~  s exposure and containing three frames, 
taken 10 p s  apart, is shown. 
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During the convective heat-transfer measurements, the potential of 
the calorimeter gage with respect to ground can be used for defining the 
length of the tes t  time. A typical trace is shown in Figure 2.9, where the 
arr ival  of the contact zone is clearly indicated by the appearance of noise. 
A somewhat less precise  method, mainly due to a low temporal resolution, 
was the time resolved spectrography. 
region gas is shown in Figure 2.10. On the basis of our experience gained 
in the experimentation in the hypervelocity shock tube, we conclude that the 
tes t  time determination should not be based on a single technique and that the 
results obtained from more than one method should be cross-checked for 
consistency before accepting the experimental data as  absolutely valid. 
A spectrogram of th’e stagnation 
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3. TOTAL RADIATION MEASURING TECHNIQUE 
3.1 Introduction 
The measurement of the total radiative heat transfer from a high 
temperature gas volume through a unit a rea  of the enclosing envelope has 
always been a difficult problem especially when the life time of the emitting 
sample is of the order  of microseconds. The first requirement is a sub- 
microsecond response capability of the detector. Since the total energy 
is required, the detectors should also be able to integrate the energy over 
the whole wavelength spectrum of the incident radiation. All  photo-emissive 
devices, such a s  photomultipliers and phototubes, satisfy the f i rs t  require- 
ment but their response is limited to a narrow wavelength band. One logical 
choice of a measuring device would be a resistance thermometer type gage. 
Such gages have been widely used f o r  measuring convective heat transfer 
in shock tubes and tunnels (6, 7). A thin film resistance gage (preferred 
due to i ts  fast  response) in i t s  normal form of a flat surface will absorb 
one par t  of the incident radiation while the other par t  will be reflected. In 
most cases  the reflectivity is a function of several  factors such as  the surface 
conditions, the wavelength of the incident radiation, and the incident angle. 
In practical applications the surface conditions of the gage cannot be closely 
controlled and,even i f  a suitable calibration of the surface characterist ics 
could be carr ied out, their variation during the test time cannot be predicted. 
The gage ,being in contact with the hot gas, will respond to the convective 
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heat transfer which is very difficult to separate from the total heating sensed 
by the gage. 
From the theoretical studies of the thermal emission,we find that in  
the experimental studies involving a high temperature gas, a s  is the case 
here,  a spectral  region from several  hundred Angstrom to several  microns 
It is expected that at these conditions a large fraction must be considered. 
of the emitted radiation will lie in the UV par t  of the spectrum. 
additional effect on the gage response can be caused by the highly energetic 
photons emanating from the test  gas and incident on the resistance gage. 
Thus 
They will produce photoelectric emission of electrons from the gage surface 
causing an apparent reduction of i ts  resistance and introducing an e r r o r  not 
easily accountable into the interpretation of the gage output signal. 
3.2 Total Radiation Cavity Gage 
The gage selected (8) draws on the black body principle for i ts  geo- 
metr ic  shape a s  is shown schematically in Figure 3.1. The gage is made 
in the form of a cylindrical body with the entrance slit se t  off-axis. 
photograph of the complete gage is shown in Figure 3.2. 
the gage is coated with a thin film of platinum which serves  a s  a fast 
response resistance thermometer. The gage does not enclose the radiating 
gas but the radiant energy which enters  through the sl i t  is partially absorbed 
by the platinum film and partially reflected depending on the absorption 
characterist ics of the film. 
A 
The interior of 
Due to the chosen geometrical configuration 
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the reflected energy will be further absorbed while undergoing several  
more reflections,so that only a small  fraction of the incident energy will 
escape the detection. 
electrodeposited opaque platinum film is shown in Figure 3.3. 
this plot were taken from reference (9). 
The variation of reflectivity with wavelength of an 
Data for 
The energy loss as a fraction of 
the incident energy for  the geometry of the cavity gage described in this 
report was computed,and is plotted in Figure 3.4 as a function of the film 
reflectivity. Faral le l  beam and specular reflection were assumed for the 
calculations. 
radiation will be lost  through the opening without being absorbed i f  the film 
reflectivity remains below 7070. 
It should be noted that not more than 570 of the incident 
Fas t  thermal response of the gage is dependent on the film thickness 
which should be made small  relative to the characteristic thermal diffusion 
depth of the film material. At the same time the film must be opaque to the 
incident radiation since its function is to absorb the energy. 
mission of thin sputtered platinum films was therefore investigated. The 
results indicated that a film of about 0. 1 micron thickness transmits less  
than 270 of the incident light in the wavelength range between 0.4 and 0.6 
microns. 
The t rans-  
Its transmission becomes even lower for  shorter wavelengths. 
The total cavity-radiation gage used in the present study must be 
separated from the flow by a window,either a solid one using optical materials 
such a s  sapphire, quartz or  lithium fluoride,or a gaseous one in which an 
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iner t  gas forms a buffer. 
During the initial runs the gage was evacuated to a pressure  of 
approximately 5 microns. 
caused the potential of the gage to become negative. 
A strong photoelectric effect was observed which 
Few runs were obtained 
with a glass window with no evidence of the photoelectric effect,indicating 
that photons with energy corresponding to a wavelength smaller than 3500 A 
0 
a r e  required to cause the photo emission. Since the measurements were to 
include emission down to 1800 A,it was found necessary to f i l l  the gage with 
pure nitrogen at  1 atm in order  to prevent the photoelectric effects from 
0 
obscuring the cavity gage signal. 
The presence of the nitrogen gas reduced the mean f r ee  path of the 
electrons building up a space charge close to the surface of the gage. 
space charge forms in a fraction of a microsecond after the exposure to  
radiation and inhibits further electron emission, Nitrogen gas was chosen 
because of the relatively high energies required for photo dissociation and 
The 
photo attachment. 
3. 3 Theoretical Considerations 
The operation of the gage is based on the resistance-thermometer 
principle. The radiant energy which enters  the cavity through the entrance 
slit is incident on the internal surface of the gage,which is covered with the 
thin platinum film deposited in a sputtering process. 
by the film and dissipated into the quartz backing material. 
The energy is absorbed 
The film 
1 6  
P 
'* i 
therefore does not function directly as a gage for measuring the heat 
transfer rate but is used to indicate the surface temperature of the substrate. 
Applying the theory for heat conduction in a composite (non-homogenous) 
body the history of the surface temperature can be related to the heat 
transfer to the gage (10). 
The gage will be approximated by a semi-infinite slab composed of 
two materials with dissimilar thermal and physical properties as  shown in 
Figure 3.5. 
from x = L to x = co . be the thermal conductivity, 
density and specific heat of material  1 while similar quantities with the 
subscript 2 will describe the properties of material  2 .  Furthermore,  i t  is 
assumed that the thickness of region 1 is extremely small  (on the order 
of 0.1 micron) a8 compared with other dimensions. Therefore lateral  flow 
of heat will be correspondingly small  and the assumption of one-dimensional 
heat flow in the direction x i s  justified. 
material  2 is taken to extend to infinity,since basically in the time interval 
of interest,the heat flow q (t) can only affect the temperature in the quartz 
Material 1 extends from x = 0 to x = L while material  2 extends 
Let k l y  p l y  and C 
At the same time the insulating 
a small  distance away from the interface between regions 1 and 2. 
The heat conduction into such a model can be described by the 
following equations. 
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In region 1 
O ' , X , L  
together with boundary conditions 
t o  T(x) = 0 s 
Similarly in region 2 
aT 2 k 2 a'Tz 
 - =- 
PzC2 ax a t  
while the boundary conditions are 
t s  0 
t >  0 
x- L x=L 
'(3.1) 
T2 (x  -'m) = 0 
where (t) is arbi t rary heat flux applied to the surface of region 1 at x=O. 
The solution of this boundary value problem gives expressions for T1 (x, t) 
and T 
conductivity k 
(x, t). These relations were simplified by assuming that the thermal 
of material  1 is much larger  than the thermal conductivity 
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k2 of mater ia l  Land that the time interval of interest  is large compared to 
This characterist ic time L /K where thermal diffusivity K =k / p C 1. 
allows us  to assume that the measured temperature of the film is its surface 
2 
1 1 
temperature (x=O). We recall  here that the thickness of material  1 was 
taken to be small. 
expression fo r  the surface temperature can be truncated obtaining the f i r s t  
If this thickness is sufficiently small  the expanded 
order solution where the te rms  containing higher powers of the thickness 
have been neglected. The resulting expression for temperature is 
(3 .3)  dX - h( t )  - kl (klplcl k2P2C2 - 
t 1 
T(t) = 
0 
In our experiments the temperature history T (t) i s  measured and 
the unknown heat transfer ra te  6 (t) is required. 
to invert in a closed form the expression for  T (t) given above and to solve 
The next step is therefore 
. 
for q (t). The result  of such a process is given by the following expression: 
JO 
The response delay due to the finite thickness of the platinum film 
Results of calculation of this is expressed by the third te rm in Eq. (3.4). 
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effect are shown in Fig. 3.6. They indicate that the response of a gage as 
used in the present study is already within 8% of the true value at 5# s for  
a constant radiative flux,which justifies the omission of this term in the 
present application. 
The solution for 4 (t) depends on the heat transfer rate and therefore 
In the use of this equation the tempera- an iterative approach is necessary. 
ture change T (t) is replaced by the film voltage change with a proper co- 
efficient reflecting the dependence of the film resistance on temperature. 
The solution of Eq. (3.4) without the third term has been programmed 
on the IBM 7090 digital computer and used for data reduction. 
oscilloscope t races  of the stagnation-point cavity gage signal a r e  shown in 
Figure 3.7. The approximately parabolic signal of the cavity gage (upper 
trace in the lower photograph) is typical of the response of a thin film 
thermometer gage to  an approximately constant heating rate. The steadi- 
ness and duration of the radiating flow in the shock layer,  as indicated by 
the stagnation-region photomultiplier t race is also shown in Figure 3.7. 
The time history of the stagnation-region gas intensity as obtained by the 
Typical 
reduction of the cavity gage voltage signal from the previous Figure is 
shown in Figure 3.8. 
3.4 Gage Construction 
The total-radiation gage described here  was made by depositing a 
t 
thin platinum film on the internal surfaces of a hollow cylinder which formed 
20 
the cavity of the gage. 
made up of four 0.125 in. high slotted quartz rings whose internal surfaces 
were fire-polished to a surface finish necessary in obtaining a uniform and 
The cylindrical par t  of the gage, Figure 3.2, was 
durable film. The ends of the cylinder were formed by two discs onto which 
a thin film of platinum was deposited forming a grid and hence the ends were 
also included into the active surface of the gage. 
and the end sections were electrically insulated from each other except a t  the 
terminal points. 
In the assembly the rings 
The film was deposited by the commonly used sputtering technique (11). 
In order to establish exactly the thickness of the film (in this case approximately 
0.1 micron),test  plugs made of polished quartz were exposed to the coating 
process in parallel  with the cavity gage sections. 
measured by means of an interference microscope. 
The film thickness was then 
The film str ips  deposited on the rings and the end discs were connected 
into a se r ies  electrical  circuit. The contact between the individual sections 
was'  formed using platinum coloidal solution and curing i t  a t  an appropriate 
temperature. 
the circuit. 
The external leads were soft-soldered to the terminal points of 
The thin-film resistance thermometer, the sensor of the cavity gage, is 
operated at  essentially constant current  in a circuit  shown in Figure 3 .9 .  
Each gage lead is connected through a large resistor to a dry cell battery 
pack. The voltages a r e  adjusted to give approximately 50 milliamperes of 
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gage current  while leaving the average gage voltage a t  nearly ground potential. 
The gage leads a r e  connected to the inputs of a differential amplifier in order  
to reject  a s  completely as possible any common noise pickup. A Tektronix 
Type !IDt' plug-in preamplifier is normally used in a Type 127 power supply 
ahead of the oscilloscope in order to achieve sufficient trace deflection while 
preserving microsecond-or-better rise time. With a reasonable care  in ' 
balancing the preamplifier,the residual noise on the scope trace can be reduced 
to less  than 10 microvolts over about a megacycle bandwidth. The cleanness 
of the signal is evident in t races  shown in Figure 3.7. 
3 . 5  Application to Shock Tube Measurements 
In the course of the present investigations of the total radiative proper- 
t ies of high temperature g a s  mixtures ,two experimental configurations of the 
cavity gage were employed. In the first configuration the measurements were 
made of radiation emitted from the gas flow behind the incident shock wave,and 
w i l l  here be referred to as sidewall measurements. The schematic arrange- 
ment of the gage in this configuration is shown in Figure 3 . 1 0 .  
located a t  a distance from the collimating slit and therefore was viewing a 
narrow layer of the gas across  the shock tube. 
graph of the gage holder and the gage. A fused silica quartz-window was 
separating the gage from the flow. In reducing the data,90% transmission of 
the window was assumed for the whole wavelength range. The application of 
this arrangement was restricted to the equilibrium radiation measurements. 
The gage was 
Figure 3.11  shows the photo- 
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The temperatures and densities of the test  gas in the region behind the 
incident shock a r e  limited by the strength of the shock,which can be generated 
at a given initial p ressure  with the available energy in the shock tube driver. 
In order to obtain experimental radiation data from gas at temperatures in the 
range of 12,000 to 16,000 K and at a relatively high density,the investigations 
were customarily performed in the reflected shock region of the shock tube. 
This method, however , holds several  disadvantages which can be avoided i f  
the gas in the stagnation region of a hemispherical model located in the flow 
0 
generated by the incident shock wave is used a s  the source of the radiating gas. 
It was therefore decided to employ the tes t  configuration shown in Figure 3 . 1 2  
for the present study of the high temperature gas emission. 
From previous investigations of stagnationpoint convective heat 
transfer and studies of shock tube flows it is known that the flow establishes 
itself rather quickly after the passage of the incident shock wave and remains 
relatively steady for a sufficiently long time to permit  the measurement of the 
radiant emission from the shock layer gas. 
laboratory coordinates, the requirements on time response of the instrumentation 
Since the flow is steady in the 
employed in the measurements a r e  less  severe. This configuration is restricted 
to the simulation of equilibrium radiative properties only because the f ree  
stream flow entering the bow shock, which forms ahead of the model, i s  
already in a state of high thermochemical excitation being ear l ie r  processed 
by the passage of the incident shock wave, a s  compared to the free  s t ream 
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conditions a vehicle will experience in a flight through an atmosphere. 
A phenolic nylon hemispherical model with a nose radius R =1.0 in. .N 
shown in Figure 3.13 was used for most of the model experiments except a t  
very low densities where the signal level from the shock layer corresponding 
to the 1 '' RN hemispherical model was below the detection capability of the 
gage. Since the magnitude of the signal from the gage is directly proportional 
to stand-off distance of the bow shock,a larger model with R = 2 in. and 3 in. 
N 
diameter cylindrical after -body was tried for several  runs. No satisfactory 
data were obtained mainly due to the difficulty of establishing a uniform 
flow around the model a s  indicated by the large fluctuations of the red and blue 
channel outputs of the photometer. 
faced 1-1/2 in. dia. cylindrical model shown in Figure 3.14 whose stand-off 
distance was approximately three times as large a s  that of the hemispherical 
mode1,experienced this unsteadiness. 
be satisfactorily uniform. 
Neither the RN = 1.0 in. model nor a flat 
In both cases  the tes t  flow was found to 
The arrangements of the cavity gage inside the 
hemispherical and flat-faced models a r e  shown in Figures 3.12 and 3.14 
respectively. 
stagnation point of the model. 
window with the entrance slits parallel  to the window aperture. 
gage senses only radiation from a region of the shock layer close to the axis 
of the model. 
region has almost uniform temperature and is essentially transparent. 
A rectangular shape window 0.1 in. by 0.5 in. was used a t  the 
The gage itself was located away from the 
Thus, the 
For the test condition range of interest  here ,  the stagnation 
For  
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instance, a t  Us =28,000 ft/sec and P1 = 1.0 mm the temperature in the 
9% CO2 -91% 3 gas mixture behind the bow shock is T3  = 13800 K while the 
stagnation temperature is T = 13920 K. Also the theoretical predictions 
0 
0 
indicate a negligible degree of self absorption for the stand-off distance (0.26 
cm approximately) of the hemispherical model. 
3.6 Data Reduction 
The interpretation of the measurements depends on relating the 
observed energy rate,  Q, entering the cavity gage with the dimensions of the 
radiating gas volume 
To formulate the required relations we can refer to the schematic 
representation of the gage and i ts  position with respect to the radiating gas 
which in our case is the shock layer. 
'1 CAVITY BOW SHOCK MODEL FACE GAGE 
rV/O3-662 
SKETCH A 
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The gage entrance aperture is located in plane A while the field of view 
limiting aperture (model entrance slit) is in plane B. 
Let us consider an elementary volume dV located at  r=r (x, y, z )  distance 
from plane A. The monochromatic energy emitted by this volume in all 
directions is 
(3.5) 
- 1  
I 
-1 
where ( v  , T), c m  is the absorption coefficient defined in section 5.2. 
A fraction 0 /4n w i l l  be intercepted by the gage entrance aperture 
in plane A in the absence of absorption. Here, the solid angle, a = ( r ) ,  
extended by the gage aperture, is a function of the distance from the gage 
entrance. 
reduced to 
Because of self absorption the energy reaching the gage will be 
(r)  exp c - r ( v )  ( r - r l ) l d V  ( 3 . 6 )  
This expression must be integrated over the whole radiating volume defined 
by the field of view of the gage. 
Thus 
For  a collimated beam which is closely approximated by the present configur- 
ation of the gage we can assume r = y, which is equivalent to the assumption 
that each volume element at a fixed distance, y, within the field of view of the 1 
3 
t I 26 
1 
4 
gage, contributes proportionally to 0 only. 
At each y position one can also define an average solid angle by 
We have calculated the product of the average solid angle (y) and the area,  
Ax,(Y), for  the geometry used in the present experiments and found that i t  is 
almost constant along the y axis and can be replaced by i ts  average value 
- 
0 Axz. Hence Eq. 3. 7 can be simplified to give 
( 3 . 9 )  
Q ( v )  = - 3( (v )  B(v)  -7 n A x z  exp [ -Yb) ( y  - Y , ) I  dy 
Y1 
from which 
- I B(v)  c l -expC-T(v)  L 1  dv Q = W  xz 
(3.10) 
0 
where L = y2 -yl. 
radiant intensity of the radiant energy flux. 
We recognize the integral in Eq. 3.10 to be equal to the 
The ref0 re 
Q I -  
-ET (3. l l )  
xz 
where Q = A 
thin film). 
4 (t), A 
g g 
being the effective a rea  of the sensing element (platinum 
Thus the intensity, I, can be obtained from the given Q, which 
follows from the reduced gas signal and the gage geometry. The same con- 
siderations were applied to the interpretation of the data from the sidewall 
and splitter plate experiments. 
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As indicated above the reduction of the experimental readings depends 
In the case of on the knowledge of the thickness of the radiating gas sample. 
the model test  this is the shock layer thickness which was measured by two 
techniques. In the f i r s t  one the entrance slits of two two-color pyrometers 
were focused on the axis of the model ahead of the stagnation point a t  a distance 
encompassing the expected location of the bow shock. The character of the 
signal from these instruments indicated whether the predicted location was 
correct.  
camera. 
means is shown in Figure 3.15. 
obtained a r e  indicated on the monitor trace. The upper frame is taken just prior to 
the incident shock arrival.  
while the bottom one shows the flow of the mixing zone between the test  gas 
and driver gas. 
A more accurate measurement was made using STL image converter 
A photograph of the flow around a hemispherical model obtained by this 
The instants a t  which the three frames were 
The center frame corresponds to the test  gas flows 
The uncertainty of the gas radiance obtained by means of the total 
radiation cavity gage has been estimated by considering the uncertainties which 
enter into the pr imary measurements of the gage output and also ones which 
appear in the reduction of the gage signal. 
to lie between t17% and -220J00. 
The range of uncertainty was found 
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4. CONVECTIVE HEAT TRANSFER STUDY 
4.1 Introduction 
The stagnation-region flow about a model in the shock tube is pro- 
duced in a different manner than it is in a flight case. 
compressed and accelerated by the incident shock wave which is generated 
when the diaphragm dividing the driver and the driven tube is ruptured. 
The flow behind the shock front, although moving with high velocity, is only 
slightly supersonic due to the high temperature o r  high sonic velocity in the 
gas processed by the advancing incident shock wave. 
around the model which is blunt and, thus, a detached bow wave will be 
established. 
a normal shock and flow along the stagnation streamline to the surface of 
the body. 
The test  gas is first 
This gas then flows 
The gas along the model axis will undergo compression across  
As long as the boundary layer thickness is small  in comparison with 
the shock layer,  whose measure at the stagnation point i s  the detachment 
distance, the boundary layer problem can be considered separately from 
the inviscid flow field and, hence, independently of the Reynolds number. 
The only requirements for an accurate simulation are the stagnation enthalpy, 
the velocity gradient at the stagnation point, and the chemical similarity of 
the gas in the various flow regions. For  a hemispherical body the Newtonian 
approximation predicts that the velocity gradient is independent of Mach 
number which has been confirmed experimentally. The correlation of the 
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he at- tr ans fe r 
can therefore 
ra te  through the laminar boundary layer a t  the stagnation point 
be written 
where C depends on the chemical composition of the boundary layer. 
Thus, the environment created in a shock tube is directly applicable 
to the solution of the stagnation-point convective heat transfer problem i f  the 
stagnation pressure  and enthalpy of the flight case a r e  duplicated and the 
geometric size of the vehicle appropriately scaled,providing the flow at the 
outer edge d he boundary layer i s  in thermochemical equilibrium. 
The determination of convective heat-transfer rates in the hyper- 
velocity flight regime has been a controversial subject because of a disagree- 
ment between data obtained in the Space Sciences Laboratory and those of 
several  other investigators. For  this reason, some care  was given to the 
investigation of the measurement techniques for convective heat transfer in 
the blunt-model test  configuration. 
gages were used. 
thin film gage. 
appreciably affect the apparent heat-transfer response of the calorimeter 
gage, several  materials were investigated. The thin film gage was used, 
since as  a basically different means for the measurement of surface heat 
transfer,  i t  offered a possibility for  the discrimination between the results 
Two different types of heat transfer 
One was a calorimeter o r  thick film gage and the other a 
Since we have found that material  properties of the sensor 
a 
-1 
h 
30 
obtained with the calorimeter gages made of different materials. 
4.2 Experimental Approach 
The measurements of s tagnation-point convective heat - transfer 
rates have been made using two techniques. The first one uses a calori- 
meter type gage (12). The second depends on surface-temperature-history 
measurements using thin film thermometry (10). 
a r e  capable of microsecond response, a prerequisite for  hypervelocity 
shock tube application. 
Both of these methods 
All rnodels used in the present study were hemis- 
pherical with cylindrical after-bodies. Photographs of R N  =O. 5 in. stag- 
nation-point heat transfer models a r e  shown in Figures 4. l a  and 4. lb. 
The internal construction of the model and the calorimeter heat-transfer 
gage is shown in Figure 4.2a. A metallic element (platinum, gold or  nickel) 
0.002 in. thick, 1/16 in. wide and 1 /4  in. long serves  as the calorimeter 
(see Fig.4,Zb). To avoid disturbance of the flow in  the boundary layer the gage 
is recessed, forming a continuous surface with the insulating epoxy plug. Metal 
and phenolic nylon models were used in order  to determine whether any 
electrical  effects due to conductance of the model could be affecting the gage 
response but no difference in the response was observed. 
P a r t  of the present study was directed to the investigation of gage 
material  effects on the apparent gage signal from which the heat-transfer 
rate is derived. For  these tests a two-gage model was used a s  shown in 
Figure 4. lb. The gage is normally connected to a battery through a rela-  
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tively large resistance (approximately 4 6b ) so that a constant current 
flows through the gage during the test. 
change of temperature caused by the heat flow to the gage produces a 
A change of resistance due to the 
voltage signal which'can be related to the heat-transfer ra te  by 
dE -
(4.2) 
p c L  dt CrE 
q =  
0 
If the heat flux is constant, the signal is a straight line. 
During the initial stages of convective heat-transfer studies, the 
calorimeter gage signals were found to have several  undesirable charac- 
terist ics.  
negative signal, which normally reached about 5-7 volts j u s t  prior to the 
The potential of the gage with respect to ground showed a strong 
ar r iva l  of the incident shock wave a t  the model, a t  which time the potential 
would jump to approximately 2 volts positive as  shown in Figure 4. 3. Also 
a fa i r  amount of noise was superimposed on the thermal signal once the flow 
around the model was established. 
to clarify the behavior of the gage. 
was connected through a 10 0 resistance to ground in a circuit shown in 
Sevzral schemes were tr ied in an attempt 
As the first step, each side of the gage 
Figure 4.4. 
cursor  which affected the gage pr ior  to the shock arrival.  However, as 
soon a s  the flow was established, quite a strong current, approximately 
1 amp was observed to flow to ground from the plasma in the shock layer. 
Presence of such current could produce additional potential drop across 
This succeeded in eliminating the strong negative going p re -  
32 
1 
_ _  J 
"i 
'i 
:i 
the gage which‘could not be distinguished from the thermal signal. 
fore, this scheme was abandoned and it was decided that the gage must be 
There- 
left floating. 
a t  the moment of shock arr ival  a s  was shown in Figure 4.3. No current  
flows between the gage and the ground with the gage connected through a 
1 M I 62 resistance, but a very careful balancing of the differential p re-  
In this case the potential of the gage rapidly changes polarity 
amplifier is necessary to minimize the effects of the transient potential 
change on the thermal signal of the gage. 
observed to be a s  high a s  several  volts. 
leads and a perfect circuit symmetry a r e  required for protection against 
disturbances caused by electromagnetic coupling. 
cautions applied, a completely clean signal from the calorimeter gage was 
This potential jump was 
In addition proper shielding of the 
With all these pre-  
obtained. 
Figure 4.5. 
Typical t races  at two different shock velocities a r e  shown in  
The output of the heat transfer gage was displayed and photographed 
in parallel  on at  least  three oscilloscopes which were se t  a t  different sweep 
rates. Cross checks of the signals were made frequently. 
the 5 j.b s / c m  sweep scope was used for the determination of the heat 
The signal from 
transfer rate. 
Because of the high heating rates and short  test  times associated 
with hypervelocity flight simulation in the shock tube, the use of gage 
response in which the heat is assumed to be distributed uniformly through 
the gage will be in e r r a r .  Time dependent temperature distributions and 
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corrections for this effect have been calculated for two types of gage 
materials - platinum and Hytemco (a nickel-iron alloy) - with different 
gage element thicknesses. The correction curves a r e  shown in Figure 4.6. 
Note that the thick Hytemco mater ia l  has a relatively large correction; this 
is caused by the fact  that the heat is conducted slowly into this material  in 
comparison with the platinum material  as  shown in Figure 4:7. Thus, the 
temperature gradients a r e  relatively steep. Corrections fo r  thinner gages 
a r e  small; however, a thin gage will lose heat to  its backing material  early 
in the tes t  time. Therefore, we have concluded that fo r  the types of tes ts  
described in here a 0.002 in. thickness is most appropriate for a platinum 
gage 
In an attempt to check the scaling law of the convective heat transfer, 
several  runs were made with a 3 in. model having 2 in. nose radius as  
shown in F igure  4.8. 
steady flow around it and no readable data could be obtained. 
Difficulty was experienced however ,with establishing 
The data reduction involved reading off the slope of the voltage vs. 
time signal and applying the simple expression given in Eq. (4.2). 
Bulk properties of the gage mater ia l  can be assumed to be well 
known. Hence the coefficient which enters in Eq. (4.2) 
I 
1 (+) gage material  (4.3) 
! 
t 
-3 
l 
can be easily calculated and the gage response established without an 
34 
extensive calibration procedure. 
01 
used in fabrication of the gages. 
The temperature coefficient of resistivity, 
, has been checked experimentally for the particular batch of material  
The thin film technique was used to provide essentially different 
means for  measuring stagnation point heat transfer. 
in Figure 4.9. 
plug which in turn is mounted at  the stagnation point of the model. The 
response of the gage to heat flux is governed by the expression given in 
Eq. (3.4). Because of the extreme conditions of heat-transfer rates,  
20,000 Btu/ft -sec and higher, involved in the hypervelocity studies, the 
application of the thin film gages is limited. The surface temperature of 
the substrate r i ses  during the test ,  changing the characterist ic thermal 
diffusivity which enters into the data reduction equation. 
not only becomes a function of time but also a function of distance from the 
surface. 
necessary, increasing the uncertainty of the heat-transfer rate data. 
Response of a stagnation-point thin film heat transfer gage is shown in the 
upper t race of Figure 4.10. The lower trace is the red channel of the two 
color photometer viewing the shock layer ahead of the stagnation point. In 
Such a gage is shown 
A platinum film is deposited on a semi-spherical quartz 
2 
This parameter 
As shown in Ref. 13 large corrections for this effect a r e  
this particular case,a correction of 217'0 was applied to compensate for the 
changing properties of the substrate. 
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4.3 Discussion of Results 
The Hytemco material  was used to obtain the measurements reported 
in Ref, 2. 
taken with platinum gages that a r e  in significant disagreement with those 
of Ref. 2, the validity of the measuring techniques employed there was 
investigated. 
using both the platinum and Hytemco gages in the twcrgage model described 
ear l ier  with the batteries disconnected from gage circuits (zero gage current). 
It has been reported by Rose and Stankevics (14) that under the same con- 
ditions a spurious signal was observed when gages of thicknesses corres-  
ponding to the present Hytemco gage thicknesses were used. Figure 4.11 
indicates that this effect is absent from the data presented here. However, 
there is significantly more signal noise generated during the establishment 
of the test  flow for the Hytemco gage. The second gage evaluation test  was 
the measurement of convective heat transfer (finite gage current) ,  again 
using the two-gage model. 
Again one sees  the more pronounced signal noise associated with the 
Hytemco material. 
which accurate slope measurements of the Hytemco gage signal can be made. 
The platinum signal is quite clean throughout a large portion of the test  
time. 
Since other investigators (14) (15) have reported measurements 
Figure 4.11 shows traces taken during a high velocity run 
Results of this test a re  shown in Figure 4.12. 
However, a significant period of test  time exists during 
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The reduced heat-transfer data for the two gage materials just  dis-  
cussed were found to be in significant disagreement, the Hytemco material  
usually indicating apparent heat transfer rates considerably higher than that 
obtained with platinum gages (see Figure 4.13). 
i s  found with the Hytemco gages. 
Also, more data scatter 
Since i t  was not apparent which material  
gave the correct  signal, o r  indeed, i f  either material  did so, we investi- 
gated other approaches to the measurement of stagnation-point heating. 
First, to determine i f  the alloying process in the Hytemco was causing a 
discrepancy, nickel thick-film gages were fabricated and used in experi- 
mental runs. 
indicated by platinum gages. Second, the thin-film technique was used to 
provide an essentially different means for measuring the stagnation point 
heat transfer. 
a further attempt to separate possible surface effects from internal behavior 
These data tended also to give higher heat-transfer rate than 
The response of such a gage was shown in Figure 4.10. In 
of the gage material  itself a se r ies  of runs were made using silicone 
dioxide coated nickel gages and several  additional data were obtained with 
gold gages. 
The reduced heat-transfer ra tes ,  corrected for surface material  
temperature change a r e  shown in Figure  4.13 along with the observed 
platinum, Hytemco, nickel and gold calorimeter gage data. 
well as  for the 9% C 0 2  -91% N2 and 25% C02 -7570 N2 mixtures a r e  shown. 
From Figure 4.13 it is seen that the platinum thin-film results a r e  a t  the 
Data for a i r  as 
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general level of the platinum calorimeter heat-transfer data. It is interesting 
to note that both types of gages have the same surface material. We  have 
also included in Figure 4.13 data published by Compton and Chapman (1 6) 
at flight velocity simulation levels of about 36,000 f t / sec  which were obtained 
from observation of the time required to initiate melting of f ree  flying 
aluminum models. 
The data obtained with gold calorimeter gages a r e  found to be 
generally higher than those obtained with platinum. 
gages with a silicone monoxide film has a tendency to reduce the measured 
apparent heat-transfer rate to a level associated with the platinum gages. 
We have concluded that an internal electric phenomenon, in the nickel and 
Hytemco gages, is very unlikely and that other effects must be involved in 
producing the differences in the heat transfer. 
effective catalytic activity of the surface material  is  causing the observed 
results. 
Hartunian (17) has stated that aluminum is one of the best non-catalytic 
materials of which he is aware. 
measurements in a discharge tube with oxygen and nitrogen atoms, and 
Myerson (1 9), using qualitative arguments, have both stated that platinum 
is largely non-catalytic to atom recombination unless exceptionally clean. 
The coating of the nickel 
One possibility is that 
For  example, concerning the melting aluminum model results (1 6),  
Also, Hartunian (18), on the basis’of 
If such surface effects a r e  present the finite reaction rates  in the boundary 
layer must also be considered. 
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Fay and Riddell (20) studied the non-equilibrium stagnatioepoint 
dissociated boundary layer and formulated a parameter which can be used 
as  a measure of the effects of finite recombination rates  in the boundary 
layer. Applying this parameter to the conditions of the present experiments, 
one would conclude that the boundary layer is in equilibrium for heahtransfer 
purposes. However, no electron recombination in the boundary layer was 
considered in Ref. 20. 
ted 
This may be quite important since the energy-inves- 
in ionization is a large portion of the shock layer flow energy for shock 
velocities in the present study. 
be higher than ion temperature a t  any given point of the boundary layer and 
Also the electron temperature will probably 
may approach the stagnation-region gas temperature, Thus, i f  the boundary 
layer is not in equilibrium with respect to electrons and ions, the energy 
delivered to i ts  inner surface may be significantly higher than for the 
equilibrium or one temperature non-equilibrium cases.  Such effects in 
combination with gage surface catalytic effects could explain the results 
obtained with gages made of different material. 
In Figure 4.14 we a r e  comparing our results with results of Collins 
and Spiegel (21) obtained with nickel and gold gages. It i s  difficult to draw 
definite conclusions since the data of Ref. 21 show unusually large scatter;  
however, one may suggest that they show a tendency to approach present 
r e  s ult s . 
A further comparison was made with Rose and Stankevics(22) data 
39 
which were obtained using infrared detection of the heat-transfer gage temp- 
erature  history. 
used in the heat4ransfer gages. 
where they a r e  compared with the present data. 
themselves, of the two materials used and do generally agree with our 
Two kinds of surface material ,  aluminum and gold, were 
These results are presented in Figure 4.15 
They show no effect, among 
platinum-gage data shown in Figure 4.15 by a cross-hatched area.  One 
might however discern some irregularity in the distribution of data a t  a 
flight velocity of about 34,000 ft /sec.  
The convective heat transfer data obtained with platinum calorimeter 
and thin-film gages in the present study a r e  presented in Figure 4.16. 
gas composition in which most  of these data were obtained was 9% CO 
91% N 
1370 N 
thick and were mounted at the stagnation point of a 0 .5  in. nose-radius 
hemispherical model. 
described ear l ier  a correction factor was applied to the observed calorimeter 
gage signal to account for the non-linear temperature distribution across 
the thickness of the gage element. 
for the variation of the backing material  properties due to the change of its 
temperature during the test  time. 
The 
and 2 
. A few data were obtained in a mixture containing 8770 C02 and 
The calorimeter gages used in the experiment were 0.002 in. . 
A new gage was used for each experiment. As 
The thin-film gage results were adjusted 
In analyzing the data the possible contribution of radiative heating to 
the measured heat-transfer ra tes  was considered. For  enthalpy levels 
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corresponding to flight velocities below 37,000 f t /  sec  and stagnation-point 
densities of the present experiments, the radiative flux to the gage 
estimated to be less  than 10% of the measured heat transfer rate. 
for a higher flight velocity simulation the radiation becomes appreciably 
larger  and may add considerably to the measured rates.  
incident radiation which the gage will absorb depends on the surface reflect- 
ivity, which itself is a function of the wavelength and the surface conditions. 
Since these factors a r e  difficult to evaluate for each gage used,it was 
assumed that the gage will absorb 5070 of the incident radiant energy. 
Appropriate corrections were made and the data plotted showing the range 
was 
However, 
The amount of the 
of uncertainty (2570 to 7570 absorption) of the radiant heat contribution to the 
gage reading. 
The present data are compared with the theoretical solutions of the 
stagnation point laminar boundary layer heat transfer in C02  and air (15). 
At  enthalpies equivalent to flight velocities below 37,000 f t /sec the data lie 
between the C02 and air predictions, at higher speeds the data lie closer 
to the CO2 theory, 
In an effort to investigate the scaling law with regard to pressure,  
several  runs were made at approximately the same shock velocity but at 
widely different stagnation pressures  varying between 3.25 and 54.6 atmos- 
phere. At stagnation pressures  of 9 atm and above the scaling is precise. 
However, data obtained at the low pressure  gave results which definitely 
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deviate from the main trend of other data. 
shock layer is in equilibrium. 
A question a r i ses  whether the 
Using the prediction of Ref. 14 for the re- 
laxation distance behind a normal shock one concludes that with P = 0.25 mm 
Hg and Us = 23,500 f t / sec  the gas at the outer edge of the boundary layer 
can be out of equilibrium. 
heat transfer has not been treated analytically with a sufficient rigor to 
provide the answer 
lower than fox the equilibrium shock layer case. 
The effect of this on boundary-layer flow and the 
whether the heat transfer should be either higher or 
A summary of all experimental data available on the convective heat 
transfer in N 2 ,  CO 2 and C02 -N2 mixtures is shown in Figure 4.17 together 
with the theoretical predictions of Hoshizaki. The data in C02 include free 
flight measurements of Yee, e t  a1 (23) and the results of shock tube experi- 
ments by Rutowski and Chan (24). 
low stagnation enthalpies and thus, provide results at velocity levels lower 
than that of the present investigations. 
Both sets of data correspond to relatively 
In the simulated flight velocity range between 30,000 and 38,000 f t / sec  
it can be seen that the heat-transfer results in 9% CO 
tend to lie below the CO2 shock tube data of Nerem (25) and in  general 
agreement with the N2 results of Rose and Stankevics (14). The few data 
points from 87'70 C02 -1370 N2 appear to agree with the 100% CO2 results 
of Nerem, which further supports the existence of a somewhat higher level 
of heat transfer in the C02 rich mixtures over that in the N2 rich mixtures. 
-91% N2 gas mixture 
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The uncertainty in the present experimental results of convective 
heat transfer measurements other than caused by the gage materia1,were 
estimated to be t 12%. - 
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5. THEORETICAL CONSIDERATION O F  RADIATION 
5.1 Radiative Properties 
The radiative properties of a gas a t  elevated temperatures a r e  deter-  
mined by elementary processes involving molecules, atoms and ion constit- 
uents. They can be treated individually,each being characteristic of the 
given molecular or atomic specie and of the kind of transition taking place. 
To find the total energy emitted however i t  i s  necessary to consider all 
s y s tem s collectively . 
The quantity which allows us  to do that is the spectral  absorption - 
coefficient ,y , of the gas. In the present analysis' we compute the absorp- 
-1 
tion coefficients a t  100 cm 
cm by summing up a t  each wave number, v , the contributions of all 
intervals in the spectral  range 1000-200,000 
-1 ry 
radiating systems including molecular bands and free-bound, free -free and 
bound-free continua according to the concentration of each specie. 
The molecular spectral  absorption coefficients were calculated using 
the computer code developed by Breene (26) in which he derived the analytical 
expression for the electronic-vibrational absorption coefficients by referring 
to a model with a statistical distribution of radiation within any particular 
band. The resultant expression for the absorption coefficient per particle 
is given by 
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where g is the ground state electronic degeneracy, Q is the partition 
function, G is the term value of the ground state, B is the rotational 
V V 
Constant, v 
strength for the transition and is considered here to be equal to the product 
v t v t l  the frequency of the band heads, fnrn is the oscillator 
where qVjVl,  is the Franck-Condon factor of the band, fel is the electronic 
oscillator strength and Re ( 
electronic transition moment with internuclear separation, r. This correc-  
tion was introduced for oxygen and nitrogen bands but for carbon-bearing 
) is a factor allowing for variation of the 
species this factor was assumed to be equal to unity. 
the systems considered here and the required input constant used in the 
present calculations. 
The listing below gives 
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TABLE 1 
Band System Ref. for  System Absorption Ref. for Range of 
Spectroscopic f-number and Franck- v '  and v" 
c on s t ant s ref e rence s C ondon 
factors 
~ " = 0 - 1 3  (27) 0.014 (29) 
2 t 2 , t  
X C - B Z  g U 
02(Schuman-Runge) (27) 
3 -  
X3C - - B C 
g U 
2 
-B I? 
3/2,1/2 
2 * '3/2,1/2 
C Swan 2 
C Phillips 2 
1 1 - t  
U g 
b n  - a C  
CO Angstrom 
B1 Zt -  All7 
0.  17 
(34) 
v"=O - 1 7 0.0024 (33) 
(34) v '=O - 6 
, 
, 
3 
Band System 
c 
L 
"I 
7 
CO Assundi 
a' 3 ~ t - a  3~ 
CO(4') 
A'II-X C 1 t  
CO( 3') 
3 t  3 b E - a  II 
CN -violet 
2 t  2 - t  
B E - X C  
CN red 
2 2 t  A n.-X C 
1 
CO(ir) 
TABLE 1 
Ref. for 
Spectroscopic 
constants 
(27) 
I 
(Cont. ) 
System Absorption Ref. for Range of 
f-number and Franck- v '  and v" 
references Condon 
factors 
0 . 0 6  '  v"=O-2 
(39)  
0 .148  (421 
(41 1 
0 . 0 3  (40)  
(39 )  
0 .027 (38)  
(43 )  
0 .005  (35,381 
[ present estimate ) 
(44) - 
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In addition to molecular systems we have also included negative ions 
continua which result  from the absorption of a photon by a negative ion and 
formation of a neutral atom and a free electron according to the reaction 
N 
0-  ( Z p o )  t h '- 0 t e; f o r v  * 11800 cm" 
C- (4 so) t h I- 0 t e; for u" 2 9600 crn" 
The pertinent cross-sections for these processes were taken from Branscomb, 
et a1 (45) and Seman and Branscomb (46). 
Free-free transitions or brehmstrahlung ar i ses  when a free electron 
travelling in a hyperbolic orbit is acted upon by the electric field of a positive 
ion while a photon is absorbed. 
using Kramer' s formula and including a correction for the non-hydrogenic 
structure of the complex ions. 
The absorption coefficients were calculated 
The bound-free transitions o r  photoionization and the corresponding 
reverse process  of radiative recombination give rise to the third continuum. 
It has been demonstrated (47) that this continuum is the main source of 
radiation a t  high temperatures 
we rely on the results of Sherman and Kulander (48) (49) which include 
transitions to ground-level of the atoms. 
For  the corresponding absorption coefficients 
In addition to the processes described above we have emission from 
spectral  lines (bound-bound transitions between excited states of atoms and 
ions). This contribution becomes important a t  higher temperatures where 
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the molecules are dissociated. 
tions was limited to gas  temperatures below 9000 F the line radiation was 
not included in the computations. 
for  a temperature range 4000 to 10,000 K were calculated according to 
the outline given above. 
Since a large par t  of the present investiga- 
0 
Thus all  theoretical predictions of intensity 
0 0 
For  higher temperatures we depended on the 
results of Breene and Nardone (1) (50). 
5.2 Consideration of Radiative Transfer 
In considering the emission of the electromagnetic energy from high- 
temperature gases one must recognize that in most cases  of interest, in- 
cluding the present measurements, the gas represents an extended source 
which has the properties both of emission and absorption. That means that 
radiant energy emitted by one portion of the gas  may be absorbed by another 
and shall never leave the control volume. When al l  emitted photons escape 
from the plasma we call it optically thin. Radiative transfer under such 
conditions allows great simplification of the mathematical formulation. For  
instance we can use the previously obtained spectral  absorption coefficients 
to calculated the specific intensity of a radiating system defined by 
To find the total energy emitted in the case of an optically thin gas  
all we need to do is to multiply the specific intensity by the particle density 
of the species of interest. Since the radiative properties of most systems 
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a r e  strong functions of frequency,we find that in many cases the radiating 
gas  may be optically thin in certain spectral  regions while strongly self- 
absorbed in others. It is therefore necessary to account for the spectral 
dependence of the emission and absorption when interpreting the observed 
intensity. 
* 
On the assumption of LTE we can relate the effective absorption 
and emission coefficients by recalling Kirchoff' s law 
- 
C(V,T) = Y ( V I  B(v,T)  
where 
i the Planck' function and the effective absorption coeffi 
includes correction for the stimulated emission is given by 
(5.4) 
(5.5) 
ient which 
(5.6) 
The summation here is extended over all species, 1, contributing to the 
absorption coefficient a t  the given frequency. 
- 
W e  can therefore take the effective absorption coefficient, P( , as  
the pr imary property defining the radiative character of the gas. The 
quantity which is observed at a boundary point of the plasma is the intensity 
I ( I., Q,V ) giving the power per unit area,  solid angle, direction specified 
* Local thermodynamic equilibrium. 
--. 50 
i 
.._ i 
by the angle 8 and in the frequency intervals to v t dv  . 
over all  directions we obtain total energy flux, 4 
evaluation of radiative heating in the case of an entry vehicle. 
By integrating it 
, which is used in the R 
In the follow- 
ing paragraphs we shall derive basic relations governing the radiative 
transfer and apply the results to the systems discussed in the preceding 
section. Although the analysis i s  valid to  a general case of radiative 
transfer we shall concentrate on developing a formulation which can directly 
be applied to the interpretation of the results of our study. 
For simplicity we can assume an isothermal and isotropic medium 
(this assumption i s  consistent with our experimental conditions). To calculate 
the emitted radiation we can consider,as shown in sketch B, an elementary vol- 
ume dV within a gas which emits an amount of energy uniformly in a l l  direction 
per  unit time 
4n ~ ( v )  dV dv = 4 T r ( v )  B(v,T)  dV dv (5.7) I 
Here? ( v ) and hence Q ( v ) may depend on the coordinates of the given 
point. We a r e  also assuming that the radiating gas is enclosed by perfectly 
transparent wal ls  which do not reflect any radiation back into the gas. The 
fraction of the energy emitted by dV which would emerge through a unit a rea  
of the surface,  S, enclosing the gas in the absence of self-absorption is 
- - - 
n ( r l  - r)  
* >* - -  i 
i 
In this expression n * ( r l  -r) / (E1 - 5 )  is the projection of the unit a r ea  onto a 
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- 
plane normal to the ray  emanating from the elementary volume, n is a unit 
- 
vector normal to the surface, r 
volume dV and r is the position vector of the surface element dS. 
is the position vector of the elementary 
- 
- PROJECTION 
SURFACE 
ELEMENT 
- 
i 
RADIATING VOLUME 
ELEMENT dV 
dS 
-ui 
SKETCH B 
N/O3-663  
In traversing the gas some of the energy is absorbed before i t  reaches the 
boundary S of the gas. The fraction of the transmitted energy through the 
- - 
distance 1 - r 1 is exp [ -y ( v  ) I - I]. Thus the monochromatic 
energy emitted by the elementary volume dV and actually passing through 
dS is according to the Lambert-Beer law 
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from which total energy emitted across  a unit a r ea  of the envelope i s  
.I 
It can be seen that besides depending on the radiative properties, the radiant 
energy is also strongly dependent on the geometry of the radiating gas. It 
is clear that in order to avoid complicated integral inversion procedures 
and to assure  the greatest  accuracy of the experimental results i t  is essential 
to res t r ic t  the plasma to a simplest possible geometrical configuration. 
In the present shock tube study the use of the shock layer formed 
ahead of a blunt model and the flow behind the incident shock wave permits 
an approximation of the radiating gas by a semi-infinite parallel layer as 
shown for the model flow in the sketch below. 
ds 
SKETCH C f f / O 3 - 6 6 /  
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The radiative energy passing through a unit area at the origin from 
all directions is obtained from Eq. (5.8) by taking 
elementary volume 
= 0 and substituting for the 
dV = 2 8 r 2  sin 8 dedr ( 5 . 9 )  
together with 
To obtain the required quantity the integration must be carr ied out over the 
limits for r between 0 and and for e between 0 and 'IT /2.  The integral 
can be divided into two parts.  
where - 7 1  -
oa 2 L  
0 0  0 
and 
(5.10) 
(5.11) 
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which become upon integration 
and 
where 
0 
(5 .13 )  
0 1 
represents the contribution from the gas within the 
, gives 
(1) We recognize that 4, 
hemispherical volume with a radius L. (2) The second integral, b R  
thus the radiant energy emitted by the remaining par t  of the semi-infinite 
layer. It is interesting to examine the limiting cases. In the case of an 
- 
optically thin layer typified by 9( ( V ) L< < 1 both integrands in 4 (’) and 
(2) , tend t o y  ( LJ ) B ( v , T ) L resulting in 4 R  
0 
qR 4 2WL i- p( ( u ) B  ( v ,  TI d v l  (5.15) 
0 
When the optical thickness 9( ( U ) L 2 1 we have strong self-absorption. 
The integrand in 4 (2) tends to zero and the energy passing through the 
unit area reduces itself to black-body radiation 
R 
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(5.16) 
In any intermediate case 
(5.17) 
The equation governing the radiative transfer in the dLrection normal 
to the  planes bounding the radiating gas (Sketch B) is obtained from Eq. (5.8) 
by taking 8 = 0. It results in  the expression for intensity which was 
previously defined as 
L 
0) /. 
I = B(v,T)  F(u) exp [: - F ( v ) r l d r  du (5.18) s 
0 0 
which upon integration with respect to y yields 
I 1 B(v,T)  C1-exp [: -p((u)Ll gdv (5.19) 
0 
By comparing this expression with Eq. (5.13) we see that the intensity in 
the direction normal to the base is equal to 6 ( l )  /n  . 
experimental configuration (collimated field of view), it is this expression 
which is used in  the interpretation of the experimental data. 
5 . 3  Radiant Intensity of 2570 CO2 -7570 N2 Atmosphere 
By the nature of the 
R 
Radiant intensity, I, has been calculated for the 2570 CO 2-7570 N2 
56 
‘9 I 
I 
p 
i 
c 
0 atmosphere in the range of temperatures between 6000 and 9000 K and 
density ratios, P I P  of 10 3 10 , 10 , 10 and 10. Since these data - 3  -2 -1  0 0’ 
were to be compared with the experimental measurements taken with quartz 
windows, the spectral integration was limited to wavelengths above 0 . 1 8 ~  . 
The calculations assumed a homogenous isothermal gas  layer with several  
thicknesses up to 50 cm. The results shown in Figures 5.1 through 5.7 
include the effects of self -absorption. 
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6. STUDY O F  EQUILIBRIUM AND NON-EQUILIBRIUM 
SPECTRAL GAS RADIANCE 
6.1 Introduction 
Spectral intensity measurements of equilibrium and non-equilibrium 
radiation were made by observing the passage of the incident shock wave and 
using the gas processed by it as a source of radiation related directly to 
the corresponding flight conditions. 
Since the extent of the non-equilibrium layer is extremely short, the 
required high spatial resolution of the radiation sensor precludes the use of 
the total-radiation cavity gage. It was found that photomultipliers with their 
high sensitivity together with an appropriate dispersing optical system can 
satisfactorily be used as the measuring system. For that purpose a Cali- 
brated JACo f/6. 3 spectrograph was specially modified to accept an a r r ay  
of photo-detectors in its exit focal plane. The investigation extended from 
ultraviolet to near infrared regions of the spectrum and covered a wave- 
length interval between 2200 A - 7000 A. The experiments were carr ied 0 0 
out in the electrically-driven shock tube described in an ear l ier  section of 
this report. The tes t  gas preparation in the driven tube followed the same 
procedure a s  in the case of total-radiation cavity gage studies. 
Runs were made in simulated planetary atmospheres with nominal 
compositions and shock tube conditions listed in the table below. 
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Phase* 
A 
Gas Composition mm Hg f t /  see 
2570 C02 -75% N2 0.5 28,400 
9% CO2 -91% N2 0.1 26 ,200  
6070 C02 -4070 N2 0.1 .26,200 
B 
* Slightly different experimental setup as  noted further in the tes t  
was used in Phases A and B. 
:::: In this case,  the initial shock tube pressure ,  P1, and the shock velocity, 
Us a r e  directly equivalent to the flight ambient pressure ,  Poo , and the 
flight velocity, Uf,  respectively. 
The energy supplied to  the shock-tube driver was selected to give 
the required shock velocity in the driven-tube gas. No attempts were made 
J 
to identify in detail the individual radiating species contributing to the total 
radiation as  sensed by the photo detectors and to analyze the thermo- 
chemical processes which take place behind the incident shock wave a s  the 
gas  relaxes to the equilibrium state. 
6 .2  Experimental Apparatus 
Figure 6.1 shows the general arrangement of the shock tube, the 
spectrophotometer and the optical system associated with the incident shock 
radiation study. The entrance slit of the spectrophotometer was imaged a t  
the center of the shock tube by means of a 16  cm focal length quartz achro- 
matic lens with the entrance sli t  of the instrument perpendicular to the axis 
of the tube. Using a suitable stop and a 0.050 mm wide and 3 rnm high 
59 
entrance slit an optical resolution of 0 . 2 ~  sec was achieved. 
ments were made at a station located a t  a distance of L/D=51.5 from the 
diaphragm end of the tube through a flat, fused quartz window, 1.78 cm thick, 
mounted in the sidewall of the tube. 
cylindrical cavity was placed directly opposite the observation window in 
order to eliminate the effects of internal reflections inside the shock tube. 
The dimensions of the light t rap were chosen so  that the solid angle sub- 
tended by the spectrophotometer was lying fully within the bound of the cavity 
opening. 
The measure-  
A light trap in the form of a blackened 
To measure spectral  radiance,Jarrell-Ash Co. f /  6. 3 plane grating 
0 
spectrograph with a dispersion of approximately 40 A/mm was equipped 
with s ix  photomultipliers mounted in the exit sl i t  plane. 
of the individual detectors an arrangement as  shown in Figure 6.1 was 
necessary in order that the radiation in adjacent spectral  intervals could be 
measured simultaneously. 
aperture of 5 mm high and 5 mm wide, giving 200 A of spectral  coverage 
or  a total of 1000 A for the five channels, was used a t  wavelengths above 
4000 2. 
Because of the size 
A fibre optics package, with each bundle entrance 
0 
0 
Five photomultipliers with S4-response were located a t  the other end 
of the fibre bundles. 
re-imaged 
of the spectrophotometer directly onto the photocathode of a S5 photomultiplier. 
In the ultraviolet region of the spectrum,a quartz lens 
0 
a 255 A - wide section of the spectrum, from the focal plane ' i  1 4  9 
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This was increased to 330 A in Phase I1B1’. 
All s ix  photomultipliers were operated with 220 0 load resistors.  
Proper  capacitance was inserted across  the las t  4 dynodes in the voltage 
divider circuit of each photomultiplier. 
was fed into the Type L plug-in preamplifiers and the signal was recorded 
as  a function of time by means of Tektronix Type 535 oscilloscopes and 
Polaroid film cameras. 
tion of the photomultiplier signal was necessary. 
with a gain of 20 was employed to amplify the signal before i t  was fed into 
the Type L pr5amplifier. 
circuit used in the readout was estimated to be less  than 0.075 /J s. 
6. 3 Calibration 
The output from the photomultipliers 
In certain ranges of operation additional amplifica- 
Tektronix Type 127 unit, 
The time constant of the complete electrical 
0 
The calibration of the complete optical system above 3200 A was 
made for each test  run using a standard tungsten ribbon lamp whose bright- 
ness temperature, for two current settings, 28 amp and 30 amp, was cali- 
brated by the Bureau of Standards. As a further assurance of the standard 
lamp correctness,its brightness temperature was verified against a 
I’ 
I 
calibrated midrocoptical pyrometer a t  other current settings during the 
calibration of the photomultipliers. 
Frequent checks were also made of the brightness temperature 
corresponding to 28 and 30 amp current against the calibration data. The 
temperature deviation was found not to be larger  than 6 0 which corresponds 
6 1  
to a maximum uncertainty in the value of absolute intensity measurements 
of approximately 3%. 
using radiant properties of tungsten tabulated in the American Institute of 
Physics Handbook (51). 
The true temperature of the ribbon was obtained 
The spectral  distribution of emissivity of tungsten 
was taken from the data given by DeVos (52) in calculations of lamp intensity. 
During the calibration a 20 c / s  light chopper was placed in.front of the 
entrance slit of the spectrophotometer in order to permit the use of a.c. 
mode of amplifiers. 
The calibration of the spectrophotometer at  wavelengths below 
0 
3200 A was made with the use of a pyrometric carbon arc .  
operated with a 90 electrode orientation. The positive electrode was 
The a r c  was 
0 
formed by a 1/4" diameter National Carbon AGKSP grade graphite rod. 
The center of the positive c ra te r  was imaged on the entrance slit of the 
spectrophotometer and the current carefully adjusted in order for i t  to be 
just  below the overload value when the calibration was made. Care was 
taken to assure  that the entrance slit was filled fully by the center section 
of the positive crater.  The arc was assumed to emit as a grey body at  a 
0 
t rue  temperature of 3800 K with an emissivity of 0.97 (53). A check of 
calibration a t  a wavelength a t  which the ribbon filament tungsten lamp 
could also be used showed good agreement between the two methods. 
6.4 Data Reduction 
The calibration of the optical system was accomplished as described 
""3 i 
1 
- .i i 
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above by means of a localized radiation source placed at  a distance from the 
entrance sli t  of the spectrophotometer equal to the distance between the 
center of the shock tube and the entrance slit. 
such a radiation source is given in watts per  cm 
spectrum length. 
multipliers comes from points located along the depth of the radiating gas 
equal to the diameter of the shock tube. 
The spectral  radiance of 
- steradian-micron of 2 
However the gas  radiation which reaches the photo- 
It is therefore necessary to evaluate 
the relation between the calibration signal and the total energy measured by 
the photodetectors from the radiating volume of the gas. An assumption is 
made that the gas in the shock tube has uniform radiative properties. 
limiting cases  will be illustrated. 
bution of radiators in the plane lying along the axis of the shock tube and 
Three 
In the first case we consider the distri-  
normal to the optical axis of the system. Since this plane i s  focused directly 
onto the plane containing the entrance slit of the spectrophotometer, the 
radiation from point radiators lying outside the image area  of the sl i t  will 
t 
i 
not contribute to the signal observed by the photodetectors. 
schematically in Figure 6. 2a the point radiator located at  0 will have i ts  
image in plane A'. Solid angle extended by point 0 is 
As shown 
6 3  
Points located off-axis in plane A will have their images in plane A' a t  a 
dis tanCe 
I a 
a 
z ' =  z -  
from the optical axis. 
incides with the edge of the entrance slit of the spectrophotometer. 
The limiting point K has i ts  image at  K' which co- 
Any 
- 
point with 2 > OK will lie outside the entrance sli t  and therefore will not 
contribute to the measured radiation. The solid angle extended by the limit 
point K is 
2 
l7D Q =  - ~ C O S T  ( 6 . 3 )  
Now in the present geometrical arrangement with the slit dimensions .005 cm 
wide and 0. 3 cm high, tan T < 10 
-2 
and therefore the change of solid angle 
for points off -axis i s  negligible. W e  take 
-4 
Q = 4.255 x 10 str .  (6.4) 
a s  the solid angle extended for all point radiators lying in plane A and whose 
radiation is intercepted by the entrance slit. The radiating volume of thick- 
ness A x  located in plane A contributing the measured radiation is 
L 
VA = s h ( F )  Ax 
where h is the height of the slit and s is its width. 
entering the slit from this volume is 
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(6.5) 
Hence the total energy 
or  
3 
Where j ( v ) is the spectral  specific intensity in watts per cm -micron. 
In the second case we shall consider point radiators located a t  x 
between the center plane A and the far wall of the shock tube, plane B. 
image of all  such points will be formed ahead of the entrance slit a t  a distance 
x' determined from the lens formula. 
sl i t  acts as an exit pupil for the optical system limiting the solid angle 
within which the individual radiating points contribute to the measured 
radiation. 
The 
As shown in Figure 6. 2b the entrance 
All  points lying between L and M subtend a solid angle 
I 
- 
X sh 
1 I 2 ' =  X a - x  X 
- 
where h is an effective height given by 
The location of point L is found by following simple geometrical relations 
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(6.10) 
a a X 
At Z > Z 
point, beyond which no radiation enters  the slit. 
the solid angle decreases rapidly and becomes zero a t  the limit 
This point is located at  
(6.11) 
2 a '  rnax 
Z 
The effective width of the radiating volume is therefore 
max w = Z L  f Z  
D 
x(a -x) 
xa 
- 
(6.12) 
Similarly the height H i s  found 
X 
H = h- 
a' 
(6.13) 
Hence the contributing volume is 
(6.14) 
I I 
' i  
t J The energy entering the slit is therefore 
(6.15) A I X * %  
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which is exactly the same a s  that radiant energy contributed by the layer 
along the shock tube axis. As the third case we consider contributions from 
gas layers between the center of tube A and the near wall 6. 
of light rays is shown in Figure 6 . 2 ~ .  
The geometry 
Here again we observe that the 
entrance sli t  limits the solid angle extended by the gas radiators. 
similar derivation a s  in the previous case we ar r ive  a t  the same expression 
for  the contributing energy 
Following 
C 
x 5 x 5  A (6.16) 
which again indicates that the action of the exit pupil i s  compensated by the 
increased cross-section of the volume of the radiating gas seen by the 
entrance slit. 
The measured radiant energy in the course of this experiment was 
reduced to intensity by dividing it by the depth of radiating gas equal to the 
diameter of the tube. Typical t races  obtained from two of the channels of 
the spectrophotometer a r e  shown in Figures 6. 3 and 6.4. 
In Figure 6.3 we show the photomultiplier signals a s  recorded 
during a passage of a normal shock wave with a velocity of U 
f t lsec in the 25% COz -75% N2 atmosphere. 
=28,400 S 
The beginning of sweeps of the two beams has been displaced hori- 
zontally in order  to prevent an overlap of the radiation overshoots. 
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Similar data obtained in  the 6070 C02 -4070 N2 atmosphere at  
U =26,2OO f t / sec  a re  shown in Figure 6.4. 
The t races  were enlarged and the emission was integrated numerically 
along the shock wave thickness to a point where the intensity decayed to 
within 10% of i t s  equilibrium level. To determine this point the photomulti- 
plier output was displayed with the oscilloscope gain adjusted to amplify the 
end of the relaxation process in the shock front. Figure 6.5 shows repre-  
sentative t races  corresponding to two different wavelengths from which the 
instant when the equilibrium level was reached can be easily determined. 
In addition, the time for  the overshoot to  reach the maximum value 
was measured. Also the total length of the non-equilibrium region was 
determined as  the time between the passage of the incident shock front and 
the point where the non-equilibrium intensity reached the equilibrium level 
within 10%. 
The gas behind the non-equilibrium region was considered to be in 
thermo-chemical equilibrium at  enthalpy and pressure defined by the 
incident shock-wave velocity and the initial shock-tube pressure.  
The overall uncertainty in the final results of the intensity measured 
by means of the spectrophotometer was estimated to be t1570. 
length scale was calibrated with a mercury lamp and the accuracy of setting 
was estimated to be t10  A. 
The wave- - 
0 
- 
c 
t 
b -1 
1 
1 
R 8 
? 3 
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6 .5  Results 
The results of spectral  measurements made in 2570 CO -7570 N2 
with the modified JACo spectrograph described in the preceding sections 
2 
a re  shown in  Figures 6.6, 6.7 and 6.8. The measurements were made at 
one condition of shock velocity, U 
P 
ratio of the radiating gas a r e  T = 7400 K and P / P = l .  26 x 10  . The 
wavelength coverage extended f r o m 2 4 0 0  A to 7000 A. 
=28 ,400  f t /sec,  and initial pressure 
S 
= O .  5 mm Hg. The corresponding equilibrium temperature and density 
0 -2 
0 
0 0 
The equilibrium radiation data are plotted in Figure 6 .6  where they 
are compared with a theoretically-predicted spectral  distribution of radiance. 
There is a reasonable agreement between the experiment and the theory for 
the violet system of CN ( f = O .  027).  An a rea  of higher radiance indicated by 
the experiment lies between 4300 A and 7000 A. It is impossible to identify 
0 0 
absolutely the source contributing to the disagreement between the experiment 
and the theory without a detailed spectrographic investigation of the gas 
radiation. Band systems of CN (red), CO and C 2  lie in this spectral  region 
and therefore they can be suspected to be the contributors. 
The peak of the non-equilibrium radiation is shown in Figure 6.7 a s  
a function of wavelength. Comparison of these data and the equilibrium 
radiation shown in  the previous figure indicates that the non-equilibrium 
radiation exceeds the equilibrium level depending on the wavelength by a 
factor varying between three and six. Strong non-equilibrium overshoots 
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t 
appear in the spectral  region between 3400 and 4000 g. The N2 (1-) 
and CN violet systems radiate in this wavelength region. 
e t  a1 (54) the contribution of the N2 
air is relatively small, 
According to Allen 
t 
(1 -) to the non-equilibrium radiation of 
t 
It is possible therefore to assume that the N (1 -) 
is also a minor contributor and that the strong non-equilibrium overshoot 
comes from the CN violet system. 
The integrated non-equilibrium radiation is shown in Figure 6.8. 
The method used in integrating the intensity across  the non-equilibrium 
shock wave front was previously described. In order  to obtain the magni- 
tude of the total non-equilibrium radiation the a rea  under the dashed curve 
2 was integrated. 
s t r -p  . 
allowing for the atomic line radiation above 7000 A (54) one calculates the 
total non-equilibrium radiation in the spectral region between 100 A and 
10,000 A to be 73  watts/cm 
The average intensity was found to be 5.95 watts/cm 
Assuming that this average value extends down to 100 A and 
- 
0 
0 
0 
0 2 . 
Spectral distributions of the integrated non-equilibrium radiation 
from 9% C02 -91 % N 2 and 60% C02 -40% N2 a re  shown in Figures 6.9 and 
6.10 respectively. 
The magnitude of the non-equilibrium radiation seen by the stagnation 
point of a blunt body was obtained by integrating over the whole wavelength 
region between . 2 p  and .9P . Generally it was found that the non-equilibrium 
radiation exceeds the equilibrium level, depending on the wavelength, by a 
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a 
factor varying between 3 and 10. 
present in the spectral region between 3400 A and 4300 A which coincides 
Strong non-equilibrium overshoots a r e  
0 0 
with the CN (violet) band system. 
non-equilibrium radiances in that region of the spectrum. However, the 
6070 CO 2 gas has generally a higher level of radiance between 4400 A and 
9000 A. 
The 9% C 0 2  gas mixture displays stronger 
0 
0 
The extent of the non-equililrium region which determines essentially 
the shock front thickness is shown fo r  several  gas mixtures in Figure 6.11. 
It appears that the product of the free-stream pressure and the non-equilibrium 
thickness depends only on the flight velocity thereby verifying the correctness 
of the assumption of binary scaling. 
During an actual re-entry of a blunt vehicle a t  high altitudes we may 
find that the stand-off distance may be larger than the calculated non-equil- 
ibrium shock point thickness. 
the relaxation zone and the resulting radiative flux to the vehicle will be 
lower than the total contribution of the non-equilibrium region predicted 
without consideration of the bow shock wave stand-off distance. Further 
In such a case there will be a truncation of 
along the trajectory a t  lower altitudes the relaxation process will be 
accelerated and the flow behind the shock front will reach the equilibrium 
level within the distance of the shock layer thickness. 
The measurements of the extent of the relaxation region as  deter-  
mined from the observed emission profiles show little dependence on gas 
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composition for several  C02 -N 2-A gas mixtures examined in the present 
study as shown in Figure 6.11. Cross hatched a r e a  indicates the location 
of data obtained by Thomas and Menard (55) with which the present data 
show good agreement. 
Finally, present results a r e  compared in Figure 6.12 with other shock 
tube results of Thomas and Menard (55), Allen, Rose and Camm (54), and 
the data obtained in free flight ranges by Page (56), James (57) and Arnold, 
Reis and Woodward (58). 
radiation is about 5 times larger in C02 -N2 gas mixtures than in a i r  a t  
equivalent flight conditions. 
well the variation of non-equilibrium radiation in air. 
The evidence indicates that the non-equilibrium 
Its variation with velocity parallels reasonably 
7 2  
a 
3 
? 
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7. COMPARISON O F  INCIDENT SHOCK AND STANDING SHOCK 
INTENSITY MEASUREMENTS 
i 
... i 
1 
L 
7.1 Introduction 
In extending experimental measurements of gas radiance of low 
densities one has a choice of two methods which can be used to obtain the 
data. It is possible to produce the radiating gas at the required temperature 
and density behind an incident shock wave and measure the intensity using 
a total-radiation cavity gage. The state of the gas is accurately predicted 
by the velocity, Us  , of the incident shock processing the gas and its initial 
p ressure ,  P1. The emitted energy by the test gas is however modified by 
the boundary layer on the shock-tube wall before it reaches the detector. 
Such an effect may significantly affect the gage reading. 
layer can absorb some of the radiation energy passing it or it can enhance 
it i f  the new species 
The boundary 
in the boundary contain strong radiators. 
A radiating gas sample in the same thermodynamic state can also 
be produced behind the standing shock ahead of a blunt model. 
layer in this case is very thin but the finite chemical rates in the standing 
shock wave may produce a relaxation zone with a thickness comparable to 
The boundary 
the stand-off distance which determines essentially the 
sample. 
depth of the test 
At high densities the non-equilibrium region is relatively thin 
and does not contribute to equilibrium intensity. 
P 
Additional limitation on 
is  imposed by the response sensitivity of the cavity-gage configurations 1 
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1 
, 
which involves signal to noise ratio of the detector and the geometrical field 
of view extended by the gage entrance aperture. Hence neither of these two 
methods present a clear advantage over the other. 
This par t  of the study was therefore devoted to obtaining data with 
the total-radiation cavity gage in the side wall and model configurations that 
is measuring respectively the emission from the flow behind the incident 
shock wave as  shown in Figures 3.10 and 3.11 and the emission from the 
shock layer ahead of a blunt model shown in Figure 3.14. The initial 
1 
i 
1 
“ 1  pressure in the shock tube, P1, and the shock velocity, Us, were so 
selected for these experiments as to have the same thermodynamic state 
.#I 
(enthalpy and density) of the radiating gas in either case. 
the results could directly be compared indicating whether these two methods 
Subsequently, 
i 
i 
of radiant intensity measurements a r e  equivalent to each other. 
Using state properties behind the incident shock wave given in 
Figures A. 1. 37 and A. 1.40 and the intensity calculations of Section 5. 3, the 
* I  
J 
I theoretical predictions of intensity as a function of shock velocity a r e  given 
for L = l ,  4 and 15 cm in Figures 7.1, 7.2 and 7.3 respectively. 
To be consistent with experimental measurements which were 
I 4 t,) *5 
obtained with quartz windows the spectral  integration extended only to 
1 =0.18cl . 
7.2 Experimental Procedure 
3 
% d  
The experiments were performed in the 25% CO2 -75% N2 atmosphere 
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since it offered higher intensity than the 9% C02 -91% N2 gas mixture at 
flight conditions to be simulated. It was found from Figures A. 1.51 and 
A. 1.52 that in the case of incident shock measurements with P1 = 3  mm Hg 
and the shock velocities in the range between 25,000 and 27,500 ft/sec,the 
corresponding conditions a t  the stagnation point of the model can be reached 
with P1 = 0.4 mm Hg and the shock velocities between 18,000 and 21,000 
ft /sec.  
the model measurements. 
The sensitivity limit of the cavity gage dictated the level of P1 for  
Other conditions followed from it. 
A 1.5 in, dia. flat-faaed cylindrical model as  shown in Figure 3.14 was 
fabricated from stainless steel  in the hope of reducing the cost of replace- 
ment experienced in the past  with plastic hemispherical models. A ser ies  
of runs were made with this model a t  P1 = 0.4 mm Hg. 
of the cavity gage was noticed. 
and comparison with previous data obtained with hemispherical models i t  
became obvious that the signal displayed by the oscilloscope is not a true 
response to the radiative flux but superimposed on i t  is a noise pickup due 
to an electrical  interaction of the hot gas with the metal model. 
An unusual response 
After thorough examination of these traces 
To remedy this an identical model was made from Lexan and a ser ies  
of runs were performed at  P - 0,4 mm Hg. 
traces obtained with these two models a r e  shown in Figure 7.4. 
t races  show the gage response to the radiation emitted by the incident shock 
wave approaching the model. 
Typical cavity gage oscilloscope 1 -  
Both 
This was taken into account during data 
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reduction by including this par t  of the signal in the computation of the heat 
t ransfer  ra te  and subtracting an amount proportional (optically thin assump- 
tion is completely appropriate here) to the length of the gas processed by 
the incident shock wave and which remained in the field of view of the cavity 
gage. After the flow was formed around the model the gage signal obtained 
with the plastic model was normal and did not show a dip which appeared in 
the case of the metalmodel.  
A ser ies  of runs were made with P = 3 mm Hg at shock velocities 1 
giving enthalpy of the incident-shock-wave -processed gas equal to the 
stagnation enthalpies of the stagnation model tests. Figure 7.5 shows 
representative oscilloscope t races  for the sidewall cavity gage configuration. 
The output of this gage shows a typical response to an approximately con- 
stant radiant heat transfer rate. Heat transfer rates as  functions of time 
corresponding to the gage signals in Figures 7.4 and 7.5 a r e  shown in 
Figure 7.6. 
All  data (model and sidewall) were obtained with fused silica quartz 
windows . 
7.3 Results and Discussion 
It i s  necessary to recall that only in the special case when we a r e  
dealing with an optically thin gas a r e  we allowed to  reduce our  measurements 
to radiant energy emitted per  unit volume which is often done without giving 
much thought to the consequences. We have discussed a t  length in Section 
76 
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5.2 the proper interpretation of the measurements made on extended sources 
of radiation. We may emphasize here  again that by allowing a narrow field 
of view of the cavity gage we a r e  only achieving a simplification in data 
reduction which yields radiant intensity for a given specific thickness of the 
radiating gas layer. 
The standing shock measurements with the 1-1/2 in. diameter flat- 
faced model correspond to a gas layer thickness of approximately 0.75 cm 
(the stand-off distance has been measured for each run), 
measurements, on the other hand, correspond to a 15.23 cm gas layer 
thickness which is about 20 times larger  than in the case of the model. 
Referring to Figure 5.5 for instance, we see that an appreciable amount of 
self-absorption will take place in the side-wall measurements. Since i t  is 
not possible to compare directly the results of both types of measurements, 
The side wall 
we have chosen to compare each set  of data with appropriate theoretical 
predictions. In performing this indirect comparison we also include the test  
of the theoretical predictions. 
Figure 7.7 shows the data obtained with the metal and plastic models. 
h t  can be seen that the plastic model data lie only slightly above ones obtained 
with the metal model. 
signal, which normally occurred a t  the beginning of the test  time, had only 
a small  effect on the final results. 
thickness of 1 cm and compare them with the appropriate theoretical p re -  
This indicates that the distortion of the gage output 
We have reduced our results to gas 
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dictions derived from data in Section 5.3. 
ably indicate that the radiant intensity of 25% CO 
range between 7000-8500 K is 1.7 to 1.8 times larger  than the predictions. 
Analysis of the individual systems shows that CN (violet) bands system is 
the major contributor. 
Our measurements unquestion- 
-75yo N2 in the temperature 
0 
We can also show that the contribution of CN (violet) 
L, being readily self- CN system is very sensitive to the optical density, 
16 -2 
absorbed for n CN L >  10 cm . 
Comparison between side wall data and the theoretical calculations 
a re  presented in Figure 7.8. We notice that the experimental data a r e  about 
25% higher than the predictions which i s  quite different from the correspond- 
ing relation of the model data. This indicates that the radiating system 
which is not properly accounted for in the present predictions is strongly 
self-absorbed for  L=15.23 cm and i ts  relative contribution to the total 
radiance is diminished a s  compared when the radiating gas thickness i s  1 cm. 
The CN (violet) system is therefore suggested a s  a likely cause of the dis- 
agreement since a possibility exists (59) that the dissociation energy of the 
CN radical may be higher than the 7.5 ev/molecule taken here for  the cal- 
culation of the equilibrium chemical composition. The effect of the disso- 
ciation energy of CN on the particle density is shown in Figure 7.9 from 
which we see  that a value of 8.2 ev/molecule instead of 7.5 ev/molecule 
could increase the CN concentration by a s  much as a factor of 4. 
were further analyzed on this assumption from which a conclusion can be 
The data 
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drawn that a 7070 higher contribution to the total emission by the CN (violet) 
bands system at L = 1 cm would decrease to a 3070 increase for L = 1 5 . 2 3  
cm due to the self-absorption. This is in a very close agreement with our 
experimental data. > a  
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8. TOTAL RADIATION MEASUREMENTS IN SEVERAL 
PLANETARY ATMOSPHERES 
8.1 Introduction 
The uncertainty of the composition and density of planetary atmos- 
pheres requires that a ser ies  of gas mixtures composed of elements antici- 
pated in these atmospheres be studied. Theoretical investigations of the 
radiative properties of C02  -N2 gases (1) indicate that a t  stagnation 
temperatures corresponding to flight velocities below 27,000 f t /sec,  strong 
molecular radiation from CO and CN systems causes the radiation to be 
considerably higher than that of a i r  a t  equivalent flight conditions. It was 
further found that a t  higher velocities, atomic processes dominate the 
radiative transfer and that there is little difference among the radiances of 
the various gas mixtures. The purpose of this phase of the present study 
was to obtain total radiation measurements in the 9% C02  -91% N2 atmos - 
phere over a range of entry velocities extending to approximately 45,000 
f t / sec ,  and to determine the effect on the total equilibrium radiance of 
other C02 -N2 proportions including the presence of large mole fractions 
of argon. The atmospheres in which the measurements were made are: 
A 3% C02 -9770 N2 
B 9% C02 -91% N2 
C 25% C02 -75% N2 
D 60% C02 -40% NZ 
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F 
9% C02 -61% N2 -3070 A 
6070 CO -1070 N2 -3070 A 
2 
However only limited data are available for atmosphere A. 
8.2 Analytical Consideration 
The radiative characterist ics of a high-temperature gas composed 
of several  elements a r e  functions of both temperature and pressure.  
properties also determine the chemical species present under these con- 
ditions. It has been previously noted that at temperatures corresponding 
to the stagnation conditions for velocities below 32,000 f t / sec  and densities 
sufficient to  assure  fast equilibration of energies behind the bow shock wave, 
the molecular processes a r e  the major contributors to the radiative emission. 
At higher velocities the molecular species in the shock layer become disso- 
ciated and eventually, a t  high enough velocities, ionization of the atomic 
species will take place. 
interest  in the present study, the equilibrium-gas temperature in the shock 
layer is only slightly affected by the relative composition. To illustrate 
this the temperature behind a normal shock with a free stream pressure  
These 
For gas mixtures composed of C 0 2  and N 2  , of 
P1 = 1 mm Hg 
the shock-tube 
is plotted in F i g u r e  8.1 a s  a function of flight velocity. In 
simulation this corresponds to the condition behind the 
incident shock. The normal shock data for 6070 C02 
10% N2 -3070 A and 970 C 0 2  -6170 N2 -3070 A mixtures 
Figures A. 2.4, A. 2.20 and A. 2.36 of the Appendix. 
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-4070 N, , 6070 CO, - 
I. I. 
were taken from 
The plot in Figure 8.1 
shows that gas mixtures with a large content of C 0 2  will have slightly lower 
temperatures. 
equal mole fraction of monatomic argon is followed by a considerable 
On the other hand, a replacement of par t  of the N2 by an 
increase of the gas temperature. 
shock-layer temperature for a 9% C 0 2  -6170 N 2  -3070 A exceeds that of a 
At a flight velocity of 30,000 f t /sec the 
0 
corresponding argon-free mixture by approximately 3000 K. It i s  reason- 
able therefore to expect that the presence of argon in the planetary atmos- 
phere will produce an increase in the radiative heating experienced by the 
entry vehicle. 
The result  of calculations of the radiant energy for the gas mixtures 
of Figure 8.1 a r e  presented in Figure 8.2. 
systems listed in Table I of Section 5. 
argon was obtained using the emissivity given in Ref. (60). The striking 
effect of argon in the mixture is evident. Its main effect, appearing in both 
mixtures: 9% CO2 -6170 N2 -30% A and 60% CO, -10% N2 -3070 A,is to reduce 
the radiated energy in the velocity range between approximately 22 ,000  and 
27 ,000  ft /sec.  This is mainly due to a higher degree of dissociation of CN 
and CO molecules. 
radiators more than compensates for the slightly higher temperature shown 
in Figure 8.1. 
free-free continua will grow in importance and will produce a rapid increase 
of radiative intensity of the gas. 
The calculations included all  
In addition the contribution from 
The reduction of the particle density of these strong 
However a t  velocities above this level the bound free and 
Similar deductions were arrived at by 
? 
b 
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Wolf and Horton (61). 
considerations apply only to the radiance at  wavelengths above 1800 A. 
It should be remembered however that the above 
0 
If 
we include the contribution of CO (4$) systems whose emission i s  concentra- 
0 
ted at  wavelengths below 2000 A, then we find that the 6070 6 0 2  -10% N2 - 
3070 A atmosphere exhibits a higher radiance a t  all velocities than the 
corresponding argon-free mixture as  shown in Figure 8. 3. The contribution 
of the CO (4 t )  will be lower in a gas with a lesser  amount of C 0 2 .  However 
this reduction will not necessarily be proportional to the particle density 
of CO, since this system is considerably self-absorbed due to the low level 
of the blackbody limit. 
relative contribution by CO (4t) follows the same pattern a s  the radiance 
Similarly the 9% C 0 2  atmosphere with a much lower 
0 
of both mixtures for h > 1800 A. 
8.3 Results 
The measurements were made behind the incident shock wave and 
at  the stagnation point of a blunt model. Both configurations were discussed 
in Section 3. Quartz and sapphire windows were used and a proper correction 
for transmission was included in the final data reduction. It was assumed 
that quartz transmission is 9370 and that of sapphire is 857'0. Representative 
oscilloscope t races  of the total-radiation cavity gage signal for runs in 
6070 C 0 2  -4070 N2 and 6070 C 0 2  -10% N2 -3070 A atmospheres a r e  shown in  
Figures 8.4 and 8.5 respectively. 
In the case of the incident-shock configuration, with the optical path 
L = 15.23 cm and densities of the present experiments, the data can only 
be presented in the form of unidirectional energy flux. 
field of view extended by the slits of the sidewall gage, it was found that the 
integral of the product of the average solid angle and the a rea  in the plane 
perpendicular to the optical axis, exhibits only a small  variation with the 
distance from the gage. 
In analyzing the 
By taking its average value over the whole volume, 
the cavity gage response is converted to the dimensions of a unidimensional 
energy flux per  unit solid angle. 
The results of the incident shock radiation measurements a r e  shown 
in Figure 8.6. The data were normalized by the gas  pressure raised to 
" 3  
i 
1.45 power and plotted as  a function of incident-shock-wave velocity which, 
in this case,  corresponds directly to the flight velocity. The data shown 
here were obtained in three argon-free mixtures: 9% C02 -91% N 2 ,  2570 C 0 2  - 
7570 N 2 ,  and 6Oy0 C 0 2  -40qo N 2, and two gases in which parts of the nitrogen 
were replaced by equal amounts of argon: 97'0 C02 -61% N2 -3070 A 
6070 C 0 2  -10% N2 -3070 A. 
of the data in the range of shock velocities of this study, there is a very 
little difference in the observed radiative f lux from the various atmospheres. 
This could be anticipated from the results of the predictions shown in 
Figure 8.2. 
was 15.23 cm and therefore, an appreciable amount of self-absorption by 
and 
It appears that within the experimental scatter 
It must however, be emphasized that the depth of the test  gas 
.i 
k. 
9 
i 
the strong contributors, mostly CN (violet), takes place. Since quartz 
84 
"u 
f 
b 
windows were used the contribution of 60 (4 t )  was relatively small. 
Cavity gage measurements of the total-radiation intensity of the 
stagnation-region gas are presented in Figure 8.7. 
in six atmospheres listed in Section 8.1 for shock velocity values between 
15,000 and 34,000 f t /sec.  
Data have been obtained 
The results have also been normalized by the 
stagnation pressure  raised to 1.45 power which was found to correlate 
reasonably well the theoretically-derived dependence of intensity on pressure.  
Since the simulated flight velocity is not equal to the shock velocity, cor res -  
ponding flight conditions a r e  indicated at  the bottom of the Figure. 
comparison with theoretical predictions is made by drawing a curve calcu- 
lated according to the scheme outlined in Section 5 for 9% C 0 2  -91% N2 and 
2570 C02 -7570 N2 gas mixtures at an initial shock-tube pressure of P1 = 1.0 
mm Hg. 
bands and continua of atoms and ions, but no bound-bound (atomic and ionic 
lines) radiation was considered. 
various species in the shock layer gas were determined using 7 .52  ev as  the 
A 
The theoretical predictions include the contributions from molecular 
The equilibrium particle densities of the 
value for the dissociation energy of the CN radical. 
Two interesting features of the results must be observed. 
place the model-radiation data for the two mixtures containing 3070 argon 
In the f i rs t  
lie considerably higher than the data for the argon-free mixtures. This 
trend f i r s t  appears a t  a flight velocity of about 27,000 f t / sec  - a behavior 
predicted by the theoretical considerations and shown in Figures 8.2 and 8.3. 
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At higher flight velocities - 30,000 to 32,000 f t / sec  - the data points show 
radiation higher by a s  much as a factor of 8. Although only a limited 
amount of data is available for flight velocities above this range, there is 
an indication that this difference in radiative power diminishes. Next, the 
theoretical predictions for 970 C 0 2  -91% N2 and 2570 COz -7570 N2 show a 
marked disagreement with the experimental data for  the same gas mixtures 
a t  flight velocities below 34,000 ft /sec.  Since fo r  this mixture CN radiation, 
both the violet and the red systems of the molecule, is the largest  contributor 
to the total radiance, any variation in either the particle density o r  the 
oscillator strength from that used in the theoretical calculations will  have a 
pronounced effect on the total radiance. A relatively small  change of the 
dissociation energy of the CN radical results in quite an appreciable change 
of the particle density without affecting measurably the energy content of 
the gas a s  was shown in Figure 7.6. Assuming that the correct  values for  
the oscillator strength of the CN systems were used, a higher value of the 
dissociation energy, approximately 8.0 ev, could explain the difference 
between the experimental data and the theoretical predictions. 
At a higher flight-velocity simulation with the radiance intensity 
mostly determined by atomic processes,  the experimental results for 
9% C02 -91% N2 gas agree closely with theoretical predictions. Since the 
predictions do not include atomic line radiation this agreement can be con- 
sidered ta be onlyfortuitous. It is possible that the contribution by continua 
86 
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was over-estimated in which case the absence of line radiation in the 
predictions was partially compensated. 
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9. INVESTIGATION O F  CO (4t) CONTRIBUTIONS 
9.1 Introduction 
Most of the past measurements of high temperature-gas total radia- 
tion were conducted with radiation sensors located behind windows made 
from glass, Pyrex, quartz or sapphire. Each of these materials has its 
own characteristic short  wavelength cut-off point beyond which no radiant 
energy can be transmitted. Hence the measurements also referred as  total 
(spectrally integrated) were in a sense limited to the transmission regions 
of the window material. 
It has been demonstrated (1) that for air such a limitation does not 
greatly affect the results except when the gas temperature is in excess of 
11,000 K. 
radiate at wavelengths above 2000 A. 
carbon dioxide and nitrogen, however, will display emission by the Fourth 
Positive System of CO in the spectral  region below 1800 A (typical quartz 
cut-off wavelength). 
importance of this radiation was suggested by Arnold (58) and Wolf (62). 
It was further found that this contribution to the total radiance of a C02 -N2 
atmosphere is important at entry conditions for which the shock layer 
contains large particle density of molecular species. To illustrate this we 
are showing in Figure 9.1 the particle density in the shock layer of the two 
dominant radiators, CO and CN, as a function of C02 content in the plane- 
0 
This is so because the dominant molecular species in air 
0 
Planetary atmospheres which contain 
0 
On the basis of theoretical consideration the relative 
88 
t a r y  atmosphere. 
f t /sec with the ambient pressure  equal to 1 mm Hg. 
particle density of CO is always larger  than that of the CN radical and has a 
higher concentration at lower flight velocities which is equivalent to a lower 
temperature in the shock layer. W e  can see this in Figure 9.2 which shows 
Two flight velocities were considered, 22,000 and 28,000 
It can be seen that the 
particle density of CO and CN as a function of flight velocity (and indirectly 
temperature) for  the 6070 C02 -4070 N2 atmosphere. 
that the particle density of CO reaches the peak a t  a lower temperature than 
the CN radical does. 
9.2 Theoretical Consideration 
In addition we notice 
The transition between the ground electronic state and the single 
excited state of a CO molecule, x' c' - A'# , is called the fourth 
positive group. 
region of the spectrum between 1200 and 2700 A. 
coefficients for this system were calculated using the computer code devel- 
oped by Breene and described in Section 5 of this report. 
the overlap integral was taken from Nicholls (42). 
summarized below were taken from Hertzberg (27) (p. 522). 
This group forms an extensive system of bands in the U V  
The spectral  absorption 
0 
The square of 
Other molecular constants 
e e B T e we we xe 
a 21 70 13.461 1.9313 0.01 748 
65074.8 1515.61 17.251 1.6116 0.02229 
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Two different values of the electronic f-number for the CO (4 t )  
system a r e  presently available. These a r e  tabulated below. 
f -num be r Source Method of Obtaining 
0.148 Hexter (41) Exciton splitting in solid CO 
0.240 Meyer, e t  a1 (63) Electron impact spectrum 
For  the present calculations the value f = O .  15 was taken. The actual 
magnitude remains uncertain in view of the fact that both available values 
were obtained by experimental methods other than the direct measurements 
of the absorption or emission by the high temperature CO molecules. In 
the first case,  Hexter used the measurements of exciton splitting and 
derived a relation between i t  and the oscillator strength using a model for 
the molecular potential due to the neighboring molecules in the crystal. In 
the second case,  Meyer used a monochromator to resolve the energy loss  
of an electron beam passing through a layer of cold CO and hence could 
only observe transitions between V" = 0 and V' = 0 through 8. In either 
case no transitions from higher vibration levels of the ground electronic 
state were employed in deriving f-number value. 
The calculation of the spectral  absorption coefficient per  particle 
-1 was made at intervals V = l o 0  cm . As an example a spectral  distri-  
bution a t  T = 8000°K is plotted in Figure 9. 3. The band system degrades 
to the red and shows a typical broad structure of the bands for a molecule 
with a large difference of the equilibrium internuclear distance of the upper 
90 
N 
and lower states. 
Because of the bands system location in the vacuum UV and the relatively 
low temperatures at which CO particle density is high, the contribution of 
The sequences for  V" = 0, 1 and 2 a r e  also indicated. 
this system to the total radiative energy transfer will strongly be affected 
by self-absorption which in  turn depends on the optical density. Figure 9.4 
shows spectral  distribution of the radiant flux intensity at T = 8000°K given 
by 
~ ( v )  = ~ ( v )  Cl-exp - p C ( v )  LI I (9.1) 
15 The calculations were done for two particle densities n = 5 x 10 
= 5 x 10 17and gas layer thickness L = 1 cm. We can see that at 
co 
and n 
the higher optical density strong self-absorption takes place at  wave numbers 
above 55,000 cm" and the spectral  flux intensity reaches black-body limit. 
co 
Using spectral  absorption coefficients for the CO (4+) bands system 
calculations were made of the integrated radiant intensity, I, 
energy f l u x  across  the boundary of a parallel  gas layer, 6 
of the integration for a temperature range between 4000 
plotted in Figures 9. 5 and 9 . 6 .  
R' 
and 
0 
and the total 
The results 
10, 000 OK a r e  
The effect of CO (4t) on total radiation of an equilibrium shock layer 
will depend on the density and composition of the atmosphere. We have 
examined an entry into planetary atmospheres containing various ratios of 
91 
CO -N . The particle density of CO molecules for two flight velocities 
as a function of the CO 
in Figure 9.1. 
content of the planetary atmospheres was shown 
It is generally accepted that a t  these conditions CN bands 
2 
systems dominate total radiance in the visible and IR regions of the spectrum. 
The results of calculations of the total specific intensity for CO (4t) 
and CN (violet) defined in section 5 a r e  shown in Figure 9.7. We observe 
that the total specific intensity of CO (4t) is considerably less  than that of 
the CN radical. However the particle density of CO is several  orders of 
magnitude larger  and therefore i ts  emission will make a significant contri- 
bution to the total radiation. This applies in most cases except for the very 
low CO 
important to the estimation of radiative heating. 
content atmospheres. Hence the contribution of CO (4t) will  be 
2 
As an example individual 
contributions of several  radiators to the total flux intensity of a 1-em thick 
layer of high temperature 6070 60 -4070 N 
2 2 
gas a s  a function of flight 
velocity are shown in Figure 9.8. It is important to note that the CO (4t) 
is by far the strongest contributor. The relative contribution of the CO (4t) 
.!' 
bands system will change with variations of optical thickness of the gas 
layer. The contribution will diminish due to self-absorption with an increase 
of the density o r  the gas thickness. 
9. 3 Measurement of Vacuum UV Radiation in Simulated Planetary 
Atmospheres 
The purpose of these experiments was to measure the contribution 
< *  
i 
3 4 
9 2  *. 
i 
to the total radiation of the emission in the spectral  region below quartz 
cut-off. On the basis of theoretical considerations, i t  is expected that at 
the selected conditions of approximately T = 8500 K and P = 10 atm, the 
CO (4t) band system will be the major contributor in that par t  of the 
spectrum. 
0 
The measurements were first obtained with a quartz window to 
establish a base for  the comparison with the windowless data. 
dia. cylindrical model was used in both cases .  
bow-shock stand-off distance of 0.75 cm. 
A 1 .  5-inch 
This configuration gives 
Since a t  this optical density, P L, 
some self-absorption of the CO (4t) system can be expected to be present,  
we have made additional windowless runs using a 1 in. R 
model which gives a shock layer thickness of 0.26 cm. 
hemispherical N 
Because ful l  description of the experimental arrangement used during 
the present study and the operational characterist ics of the windowless 
arrangement of the total-radiation cavity gage can be found in Refs. 47 and 
49, respectively, only major features will be given here. The cylindrical 
windowless model is shown in Figure 9.9. A stretched latex membrane 
separates the buffer g a s  in the model from the shock tube, 
of the He-Kr mixture, which was used a s  the buffer gas, was se t  to be equal 
to the expected stagnation pressure for given run conditions. 
rent is  passed through the 0.002 in. wire which is located along the rect-  
The pressure 
A pulse of cur -  
angular entrance slit and is in contact with the latex membrane as shown in 
Figure 9.10. The heat from the wire weakens the membrane which bursts 
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under its own tension. No evidence of combustion was ever detected. This 
process takes approximately 10-15ps. It is so  timed that the slit becomes 
fully opened during the model-flow formation period. 
A similar model but with a 1 -in. nose radius is shown in Figure 9.11. 
The operation of the cavity gage, which was used as the sensor,  is given in 
a previous section. 
9.4 Experimental Results 
All experimental runs were made in a 6Oy0 C02 -4Oy0 N2 gas mixture 
a t  an initial pressure of P1 = 1 mm Hg. The energy discharged in the driver 
was s o  adjusted as to give an incident shock velocity of approximately 
Us = 21,000 ft/sec. Results of these runs a r e  summarized in the following 
table. 
TABLE I 
0 
T K l ~ = d  
atm watts/cm -str 
e pS S 
Run Model Window U s x  
No. f t/  s ec  
1 Cylindrical Quartz 21.5 11.48 8730 233 
2 I t  I I  21.5 11.48 8730 2 30 
Windowless 2 1.5 11.48 8730 293 3 
4 I 1  1 1  20.2 9.70 8210 332 
20.7 10.35 8390 92 5 Hemispherical I I  
20.7 10.35 8390 79 6 
7 1 1  1 1  20.7 10.35 8390 76 
I 1  
I 1  1 1  
The last column of the table above shows the measured radiative flux 
intensity from a given gas-layer thickness. 
A slight discrepancy is displayed by the results of Run #3. It is 
suspected that the latex shutter which retains the buffer gas inside the model 
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was not fully opened during the test  time, cutting off some of the radiant 
energy which would otherwise enter the cavity gage. A small  variation in 
shock velocity from one run to another could not be avoided in spite of 
precautions taken in setting the driver energy level (charge voltage) and the 
initial p ressure  in the driven tube. 
In order to  analyze the results we shall consider the possible effect 
The effect of the run conditions on the radiative properties of the tes t  gas. 
of Us on equilibrium stagnation temperature and pressure a r e  shown in 
Figure 9.12. 
tive to the shock velocity. 
shock velocity the particle density of the three most prominant radiators,  
CO, CN and C 2  . It can be seen that within the range of shock velocities 
measured during our runs the variation of particle densities is not important. 
The spectral  absorption cross-section shown in Figure 9.14 for three wave 
It i s  apparent that the stagnation temperature is quite sensi- 
In Figure 9.13, we have plotted as a function of 
numbers for the CO (4 t )  system, displays small  decrease with rising 
temperature which may be considered to compensate for the small  increase 
of particle density. The radiative flux measured by our gage is given by 
the following expression: 
i 
which shows the dependence on the Planck's black-body radiation, B ( A ). 
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A simple analysis of Planck's law expressed by: 
c,  
(9.3) 
gives the rate  of change of black-body radiance with temperature as  a 
function of temperature and wavelength, in the form: 
2 C 
c1 c2 exp- AT 
aBoL) - 
2 C a T  
A b  T2 ( e x p ~  - 1) 
(9.4) 
Substituting applicable numbers of our case we obtain the percentage rate 
of change as  high as  30% for a temperature change of 100 C. 
reflected in the sensitivity to temperature of the CO (4 t )  relative to CN as  
shown in Figure 9.16. 
system intensity varies a s  a 11.5 power of temperature in the range of 
0 
This is further 
It can be shown from this data that CO (4+) bands 
our experimental conditions. 
9.5 Discussion of Results 
Except for data of Run #3, the results show expected consistency. 
The measurements with the windowless model indicate that there is an 
appreciable contribution by the CO (4 t )  bands system below the quartz cut- 
off. No clear  effect of self-absorption is displayed by the windowless data. 
Possibility of latex shutter not being fully opened during the runs with the 
hemispherical model can be suspected. If we compare the two sets of data 
i 
7 
I 
i 
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P 
. 1  
from the cylindrical models we find that the contribution of CO (4t) below 
quartz cut-off is approximately equal to 33% of the total radiation. 
Sensitivity of the radiative flux to test  conditions makes it difficult to 
isolate precisely the contribution of CO (4t) bands system with the limited 
data obtained in the present study. Future measurements should extend 
over a wider range of test conditions in order to establish experimentally 
the trends necessary for quantitative analysis. 
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10. SPLITTER PLATES INVESTIGATIONS 
10.1 Introduction 
In many practical  applications the main interest  l ies  in the determin- 
ation of radiative energy flux to the body of the re-entry vehicle from the 
high temperature gas in the shock layer. 
not optically thin a t  all wavelengths a t  which the emission occurs, a simple 
Since in some cases  the gas is 
linear scaling of the energy f l u x  from one geometric thickness, which may 
have been measured in the laboratory, to a larger  thickness equivalent to 
the shock layer in actual flight conditions, is not correct .  This is illustrated 
in Figure 10.1 where we show the effect of self-absorption on the total in- 
tensity a s  a function of the gas layer thickness a t  a temperature correspond- 
ing to a flight velocity of 26,000 f t / sec  and a free s t ream pressure  of 
3 mm Hg in 2570 C02-7570 N2 atmosphere. We see that a linear extrapolation 
from L = 1 cm to L = 15 cm on the assumption of an optically thin gas would 
result  in an overestimation of the intensity by approximately 100%. 
One may inquire whether i t  i s  possible to use changes of gas sample 
pressure to simulate a greater geometrical thickness. 
to correlate predicted intensity a t  T = 7000 K of 2570 CO 2-7570 N2 gas as  
a function of L p / p  
the density and length a r e  not equivalent over most of the density range 
We have attempted 
0 
which is shown in Figure 10.2. It i s  evident that 
except a t  very high densities where the strong self-absorption reduces the 
effect of individual characterist ics associated with different radiating 
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systems. 
an equal change in particle density of molecular species resulting in a 
comparable increase of the intensity. 
The main effect is that an increase in density gives larger than 
In experimental studies the stagnation model measurements a r e  
limited to a gas-layer thickness se t  by the flow field about the blunt model. 
For  a hemispherical model located in a shock tube flow this is about 11% of 
the nose radius. The use of hemispheriaal models larger  than R N =  1 in. 
in a 6 in. shock tube is inadvisable because of the possibility of blockage 
which will result  in a non-uniform flow in the stagnation region. In addition 
the flow formation period fo r  the larger  model may take too much of the test  
flow and leave insufficient time for  a proper response of the stagnation model 
instrumentation. An alternate approach is to use the flow behind the inci- 
dent shock wave a s  the test  gas and to employ a set of flat plates oriented 
parallel  to the flow in which the observation windows a r e  mounted. They 
can be separated by a distance, L, which can be adjusted to give the required 
gas layer depth. The effect of a growing boundary layer on the shock tube 
wall which can modify the intensity seen by the total radiation cavity gage 
in the sidewall configuration will be absent. It is also expected that the 
effect of the thin boundary layer which forms on the plates can easily be 
compensated for o r  even completely neglected without affecting the final 
results. This technique promises therefore a relative freedom of optical 
density, p L, selection and the reduction of the wall boundary layer effects. 
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10.2 Experimental Apparatus 
In designing the spli t ter  plates the most important requirement was 
to assure  that the flow suffered the least  possible disturbance by the presence 
of the plates. 
plates se t  a s  close a s  possible to a zero angle of attack. 
A knife-edge leading-edge is therefore necessary with the 
Since the flow 
behind the incident shock wave is supersonic, with Mach number between 
2.5 and 3.5, a possibility of the interaction of the leading-edge shock wave 
and the boundary layer will exist. 
It was shown by Bertram (64)’ that near a sharp leading-edge where 
the boundary layer displacement thickness becomes finite the external flow 
will turn,  creating a compression wave behind which a local region with a 
higher than the free s t ream pressure  will exist. This interaction is con- 
trolled by the similarity parameter 
where 
T = c -  P 
Pap T 
and 
(10.1) 
(10.2) 
(10.3) 
100 
, 
Substituting values corresponding to our experimental conditions it 
was found that the pressure on the flat plate, P , is only P/P, = 1.02. 
Heat transfer to the surface of the plate (cold wall) will further 
reduce the interaction effect. The interaction between the boundary layer 
and the leading edge shock wave was therefore not considered to a l ter  
significantly the thermochemical state of the flow between the plates. 
conclusion was invalidated when actual intensity measurements were made 
as will be discussed in  the following section. 
This 
The second consideration has to be given to the possibility of a dis- 
turbance from the lower surface of either plate to influence the flow between 
them. With one surface aligned parallel to the axis of the shock tube, the 
plate appears as a wedge with a finite angle whose magnitude is dictated by 
practical considerations. 
wave. 
pressure  on the surface parallel to the flow. 
however prevents this flow from spilling into the zone between the plates. 
The flow has to turn through an oblique shock 
Consequently the pressure  on the underside will be higher than the 
An attached shock wave 
From the supersonic flow theory it is also known that disturbances 
a r e  propagated only in the downstream Mach cones and do not influence fluid 
properties outside them. 
leading edge as long as possible. 
Hence it is desirable to have the supersonic 
In this respect a circular planform for the splitter plate represents 
an optimum configuration within the limits of the internal bore of the shock 
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tube. 
supersonic leading edge. 
edge. 
As shown in F igure  10. 3 the segment of the circle A-B represents a 
The boundary B-C is called a subsonic leading 
Similarly C-D is a subsonic trailing edge and D-E becomes super- 
sonic trailing edge. 
within the Mach cone as  indicated by the shaded zone in Figure 10.3. 
M=4 only a small  a r ea  of the plate can be influenced by disturbances origi- 
nated on the back surface of the plate as compared to a rectangular plate 
with the same span a s  shown in Figure 10.3. In addition a misalignment 
in yaw has no effect on a circular plate flow whereas it can affect larger  
a reas  of a rectangular plate. 
Disturbances a t  point B will propagate downstream 
At 
The photograph of the splitter plates used in 
the present study i s  shown in Figure 10.4. 
The location of the total-radiation cavity gage and the geometry of 
The plates 
Quartz 
i ts  field of view a r e  illustrated schematically in Figure 10.5. 
were painted with dull black paint to eliminate the reflection. 
windows were used throughout the experiments. 
window and the cavity gage was filled with pure NZ a t  1 atm pressure.  
The cavity gage was mounted in the stem of one splitter plate. 
photometer was aligned to view the flow through the window in the second 
splitter plate directly opposite to the cavity gage. In addition a side wall 
mounted cavity gage was used to measure simultaneously the radiation from 
the gas behind the incident shock wave, across  the entire diameter (15.23 
cm) of the shock tube. 
The space between the 
A two color 
'1  
k 
/ *  
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10. Investigation of Splitter Plates Flow 
Radiant intensity measurements were made at shock tube initial 
p ressures  between 1 and 3 mm Hg and for shock velocities in the range of 
22,000 f t / s ec  and 27,000 ft /sec.  
the splitter plates for gas depth of 8.13 cm and the data from the side wall 
cavity gage (L = 15.23 cm) showed an anomaly which could not be explained 
either on the basis of radiative transfer alone or  on the assumption of strong 
boundary absorption. 
higher than the intensity indicated by the side wall cavity gage response. 
After thorough check of the data reduction procedure and after performing 
several  exploratory tes ts  with new gages and a different paint on the plate 
facing the cavity gage we have concluded that the apparent high intensity as 
measured by the splitter plates must result from a flow disturbance which 
changes the properties of the fluid. 
Comparison between data obtained with 
The measured intensity with the splitter plates was 
In the configuration existing at that time the splitter plates were 
inserted through the large windows in the shock tube test section and there- 
fore precluded any visual observation of the flow. 
photomultiplier viewing the flow across  from the cavity gage indicates 
essentially steady condition with only slight variation of the intensity level 
during the test  time. 
splitter-plateholding fixture was designed a s  shown in Figure 10.6. 
set of rectangular plates was 
The signal from the 
In order to obtain qualitative picture of the flow a new 
Also a 
obtained to explore the effect of the splitter 
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plate planform on the flow. No provisions were made for the mounting of 
cavity gages in the new fixture. 
A ser ies  of runs were made during which a TRW image converter 
camera was used to photograph the flow in the vicinity of the sharp leading 
edge and between the plates. Examination of the photographs shown in 
Figure 10.7 reveals two important facts. 
wave originating a t  the sharp leading edge which is inclined at  about 20 
degrees to the direction of the flow. Second, within the resolution of the 
present visualization method there is no evidence that the shock wave is 
detached. 
rectangular plates (F igure  10.8) shows a similar wave pattern. It is inter-  
esting to observe the flow formation behind the incident shock wave passing 
over the plates. 
show 
between the plates a t  approximately 2 in. from the leading edge and the 
image converter camera monitor. In the IC camera photograph, the f i rs t  
frame shows the incident shock wave before it reached the line of sight of 
F i r s t ,  there exists a compression 
An image converter camera photograph of the flow with the 
The oscilloscope t races  in the lower pa r t  of Figure 10.8 
a photomultiplier signal from a photometer focused a t  the centerline 
the photometer. The third frame shows a fully established flow. 
As a result  of the shock waves produced by the splitter plates the 
flow between them is not uniform. The various regions which can be 
deduced from the IC camera photographs a r e  shown schematically in Figure 
10.9. Both oblique shocks propagating from the leading edge of the plates 
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are quite clear in the photographs and appear to be of equal strength. 
a r e  shown by lines A-C and B-C in Figure 16.9. 
mid-point of the shock waves, C ,  between the plates, a region of much more 
intense radiation i s  evident. If the approaching flow in region 2 was axial 
then a pair  of oblique shock waves C-D and C-E a r e  necessary in order to 
They 
I 
’ !  
At the intersection at  the 
change the flow direction back to axial. 
strength between oblique shock A-C and B-C then a velocity discontinuity 
or  so called slip line will emanate from C. Should the velocity vector in 
region 2 be not axial, a situation can a r i s e  when no shocks are required 
past  point C. 
field in this region since the details of the flow past  point 
If there is a small  difference in the 
Unfortunately i t  is difficult to establish precisely the full  flow 
C a re  not 
c lear  on the IC camera photograph. 
10.4 Results 
The existence of the shock waves modifies the flow between the 
splitter plates by increasing the pressure  and temperature, the latter having 
a strong influence on the radiative emission of the gas. The dependence of 
intensity on pressure  and temperature was determined for the range of 
conditions of the present experiment using theoretical predictions of Section 
5 . 3  This dependence can be expressed a s  
= k -  - - I (;)(;)’” 
I2 
(10.4) 
k 
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where the subscript (2) signifies conditions behind the incident shock wave. 
The coefficient k was obtained using the theoretical predictions of intensity. 
Its value was k = l .  06 except for the highest velocity point where it was 
k = l .  34. As a next step state properties downstream of an oblique shock 
wave were calculated using oblique shock wave relations and the thermo- 
dynamic properties given in Ref. 65. 
the procedure outlined in Section A. 1 of the Appendix. 
The solutions were obtained following 
0 
The calculations for a shock angle fl = 20 yielded the pressure ratio, 
(P3  /P2) , ac ross  and the temperature, T3 , behind an oblique shock wave 
as a function of the incident shock velocity, U 
pressure,  P1 , as a parameter.  
and 10.11. 
the incident shock wave, T2 . 
produces a zone with a temperature which can be as much as 400OK higher 
than the temperature in the undisturbed flow. 
increases approximately 50%. Both the temperature and pressure  changes 
produce an increase in the emitted radiant energy from region 3 according 
to the correlation formula in Eq. (10.2). 
, with the shock tube initial 
The results a r e  shown in Figures 10.10 
For  comparison we have also shown the temper ature behind 
One can note that the compression wave 
At  the same time the pressure 
Representative oscilloscope t races  obtained during this se r ies  of 
runs a r e  shown in Figure 10.12. 
splitter plate 
looking at the flow between the splitter plates along the optical axis of the 
The signal of the aanity gage in the 
is shown on the left. The response of the photomultiplier 
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cavity gage, also shown on this photograph, indicates the uniformity and the 
duration of the test  flow. 
both t races ,  
experimental run is given on the right. 
The end of the test time is clearly defined in 
The output signal of the sidewall cavity gage for the same 
The experimental data were obtained a t  two nominal spacings of the 
splitter plates, L = 3.81 cm and L = 8.14 cm. 
te rms  of the state of the gas behind the incident shock. 
radiating gas viewed by the cavity gage were at P 
to the conditions downstream of the oblique shock wave, the contribution 
to the radiative energy by this zone was compensated by scaling the meas-  
ured intensity according to the theoretically predicted correlation given in 
Eq. (10.4). 
The data a r e  interpreted in 
Since par ts  of the 
and T3 , corresponding 3 
The results of the measurements with the splitter plates and in the 
side wall configuration a r e  presented a s  a function of the gas layer thicknes 
in Figure 10.13. The experimentally obtained intensity normalized to the 
1.44 
initial shock tube pressure P 120 = 3 mm Hg by the relation CP1 ‘P1,O) , 
is compared to the theoretical predictions also calculated for the initial 
shock tube pressure  P1 = 3 mm Hg. 
Two conclusions can be drawn. First, the theoretical predictions 
and the present data display a close similarity in their dependence on gas 
layer thickness. Second, the measured intensities are,  in genera1,higher 
than predicted level indicating a contribution by a system or  systems not 
107 
included in the present calculations of the gas radiance. 
bered however that the interpretation of splitter plates data depends on the 
assumption of the splitter plates flow to be the same over the whole range 
of experimental conditions a s  it was observed a t  U 
PI = l .  5 mm Hg for a spacing between the splitter plates of L = 2.54 cm. 
It must be remem- 
= 21,500 f t / sec  and 
S 
i 
. J  
108 
*i 
""1 
"1 
t 
- 9  
11. CONCLUDING REMARKS 
Several planetary entry heat transfer problems have been investi- 
gated in the course of the present study. 
The stagnation-point convective heat-transfer was measured by 
means of platinum calorimeter and thin film gages in a simulated planetary 
atmosphere composed of 9% C02 -91% N2 over a range of flight velocities 
up to 45,000 ft /sec.  
different mixture ratios indicate that the composition of the CO 
mixture does not have a large effect on experimental convective heat t rans-  
fer rates .  
These results and some additional data obtained a t  
2 -N2 
Convective heat transfer data were also obtained with gages of 
different materials. 
boundary layer can be such that the gage surface affects the observed heat 
transfer rates. This effect should be further studied. 
They indicate that the state of the stagnation point 
Experimental data of high temperature gas radiance have been ob- 
tained in several  gas mixtures containing C 0 2 ,  N2 and A. 
that the presence of relatively large amounts of argon (3070) has a strong 
influence on the equilibrium radiative properties of the gas. This appears 
a s  a large increase of radiance for stagnation conditions corresponding to 
flight velocities above 27,000 ft /sec.  
mixture containing 3070 argon exhibits radiance which exceeds the radiance 
of the argon-free gas by a factor of 8. 
It was found 
At a velocity of 30 ,000  f t / s ec  the gas 
This difference diminishes at higher 
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velocities. The theoretical prediction of the radiative properties for the 
9% C02 -91% N2 and 2570 CO -75To N2 gas underestimates considerably 
the measured radiance for this gas. At  velocity of 30,000 f t / sec  the meas-  
ured values a r e  higher than calculated by a factor of approximately 3. It  
is suggested that the contribution of the CN radical may be larger  than c a l -  
culated. Assuming that the oscillator strengths for the CN (violet) f=O.  027 
and the CN (red)f= 0.005 a r e  correct ,  a deviation of the CN dissociation 
energy from the used value (D 
and hence the total CN radiation. 
=7.52 ev) will a l ter  the particle density 
A dissociation energy value of 8 .2  ev 
CN 
will result  in a three times higher particle density and intensity. At velo- 
cities below 27,000 f t / sec  the results of the present experiments indicate 
that composition of the gas has a considerable effect on the emitted radiant 
power. The non-equilibrium radiance measurements have been obtained in 
970 C02 -91% N 25% COz -7570 N and 6070 CO -4070 N2 gas mixtures. 
2 '  2 2 
From the analysis of the spectral distribution it is concluded that the CN 
radical is also a strong contributor to the non-equilibrium radiance. The 
non-equilibrium radiance of the 6070 CO 2-40% N2 is only slightly less than 
that of the other two atmospheres. Comparison with other data from 
similar gas mixtures and a i r  indicate that the non-equilibrium radiance of 
the C02 -N2 gas mixtures exceeds approximately that of a i r  by a factor of 
3. 
Theoretical considerations, verified by the present experiments with 
110 
t a windowless total radiation cavity gage, showed that the CO (4 ) system is 
a strong contributor in the vacuum UV for  low densities or  thin gas layers.  
At higher densities its relative contribution to the total radiance decreases 
due to self -absorption, 
Effects of self-absorption were studied in 25% CO -7570 N 
2 2 
atmos- 
phere using splitter plates immersed in the flow behind the incident shock 
wave. The presence of the plates produced an undesirable modification of 
the flow which complicated somewhat the interpretation of the measurements. 
The results of this investigation confirmed generally the intensity dependence 
on the optical density for  flight velocities up to 30,000 ft /sec.  
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Figure 4 . 1 1  Typical calorimeter gage responses in two gage model 
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Figure 7. 7 Radiant intensity data obtained with total radiation 
cavity gage located in flat-faced cylindrical model 
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Figure 7.8 Radiant intensity data obtained with total radiation 
cavity gage viewing flow behind incident shock wave 
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Figure 10.3 Schematic diagram of splitter plate planform 
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Figure 10.6 Rectangular splitter plates arrangement for 
flow visualization study 
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Figure 1 0 . 7  Image converter camera photographs of flow pattern 
due to splitter plates. Upper photograph shows flow 
in the vicinity of sharp leading edge. 
graph shows flow between circular plates 
Lower photo- 
22 3 
Figure 10.8 Flow pattern due to rectangular splitter plates. Upper photo- 
graph shows image converter camera view of incident shock 
wave passing between splitter plates. 
shows oscillo scope trace of red - s ensitive photomultiplier 
viewing flow between plates. 
monitor shows instant when frames were taken 
Lower photograph 
Image converter camera 
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Figure 10.9 Schematic diagram of flow between splitter plates 
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